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Recently, many researchers have devoted significant efforts to 
develop flexible/stretchable biomedical devices because many physiological 
data can be obtained by installing electronic devices on human body. 
However, the soft and curvilinear human skin makes the integration of rigid 
electronic devices with it challenging, which induces the need for the 
deformability of electronic devices. In this regard, inherently flexible 
materials such as semiconducting organic materials as well as materials that 
are not intrinsically flexible, but possess the flexibility owing to their 
ultrathin and/or tiny form factors, such as nanoparticles, nanowires and 
nanoribbons, have been widely incorporated as active materials for 
ii
flexible/stretchable electronics. This dissertation includes three examples of 
skin-like devices which incorporate such nanomaterials for various purposes.
First, smart prosthetic skin instrumented with ultrathin, single 
crystalline silicon nanoribbon strain, pressure, and temperature sensor arrays 
as well as associated humidity sensors, electroresistive heaters, and 
stretchable multi-electrode arrays for nerve stimulation are demonstrated. This 
collection of stretchable sensors and actuators facilitate highly localized 
mechanical and thermal skin-like perception in response to external stimuli, 
thus providing unique opportunities for emerging classes of prostheses and 
peripheral-nervous-system interface technologies.
Second, a wearable fully multiplexed silicon nonvolatile memory 
array with nanocrystal floating gates is developed. The nanocrystal 
monolayer is assembled over a large area using the Langmuir-Blodgett 
method. Efficient particle-level charge confinement is verified by the 
modified atomic force microscopy technique. Uniform nanocrystal charge 
traps evidently improve the memory window margin and retention 
performance. Furthermore, the multiplexing of memory devices in 
conjunction with the amplification of sensor signals based on ultrathin 
silicon nanomembrane circuits in stretchable layouts enables wearable 
healthcare applications such as long-term data storage of monitored heart 
rates.
Third, an ultra-thin skin-like quantum dot (QD) light-emitting diode 
(QLED) display is developed. The key materials, QDs, are well optimized 
through intensive engineering to achieve high brightness with a low 
iii
operation voltage. To validate the fabricated QLED display, various patterns, 
including those comprised of letters, numbers, symbols, and animations are 
visualized using the proposed QLED display conformally laminated on 
human skin. Furthermore, the QLED display is subjected to various 
mechanical deformations, such as crumpling and repeated bending to 
demonstrate its reliability-in-use. Finally, the QLED display is integrated 
with conventional flexible electronic circuits for constructing a stand-alone 
wearable display that can directly visualize measured data against the user’s 
skin.
The abovementioned three examples are important electronic 
components for future skin-like wearable devices. The advances introduced 
in this dissertation may create new opportunities in the field of deformable 
sensors, actuators, data storage devices, and displays, thereby accelerating the 
development of fully integrated skin-like electronic devices.
Keywords: Flexible electronics, Stretchable electronics, Wearable electronics, 
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Chapter 1. Recent advances in deformable devices 
with integrated functional nanomaterials 
for wearable electronics
Preface
As the market and related industry for wearable electronics 
dramatically expands, there are continuous and strong demands for flexible 
and stretchable devices to be seamlessly integrated with soft and 
curvilinear human skin or clothes. However, the mechanical mismatch 
between the rigid conventional electronics and the soft human body causes 
many problems. Therefore, various prospective nanomaterials that possess a 
much lower flexural rigidity than their bulk counterparts have rapidly 
established themselves as promising electronic materials replacing rigid 
silicon and/or compound semiconductors in next-generation wearable 
devices. Many hybrid structures of multiple nanomaterials have been also 
developed to pursue both high performance and multifunctionality. Here, I 
provide an overview of state-of-the-art wearable devices based on one- or 
two-dimensional nanomaterials (e.g., carbon nanotubes, graphene, 
single-crystal silicon and oxide nanomembranes, and their hybrids) in 
combination with zero-dimensional functional nanomaterials (e.g., 
metal/oxide nanoparticles and quantum dots). Starting from an introduction 
of materials strategies, I describe device designs and the roles of 
2
individual ones in integrated systems. Detailed application examples of 
wearable sensors/actuators, memories, and displays are also presented.




In the rapid technology development of low-power silicon 
electronics, various wearable electronic devices such as smart glasses, 
watches, and lenses have been unveiled both in academic journals and on 
the market. In spite of their superb performance, wearable form factors, 
and compact size, challenges still remain mainly owing to their large 
thickness and mechanical rigidity, which result in a mechanical mismatch 
between the device and the skin. This mismatch induces a low 
signal-to-noise ratio, and measurement errors.1 In this regard, achieving 
mechanical deformability of the wearable electronic/optoelectronic devices 
while maintaining high performances has been a major research goal.2-6
One promising strategy is to replace the rigid electronic materials 
(e.g., silicon wafer) with flexible nanomaterials (e.g., silicon 
nanomembrane (SiNM),7-11 carbon nanotubes (CNTs)12-14 and graphene 
(GP)1, 15, 16). The electronic properties of the SiNM (down to tens of 
nanometers) remain the same as the bulk silicon wafer,17 but its 
bendability dramatically increases owing to the reduced thickness.5
SiNM-based devices outperform their competitors including low-temperature 
polycrystalline silicon (LTPS) and organic devices by virtue of their high 
electron mobility.18 However, SiNM alone may not be fully compatible 
with the multifunctionality required for some applications. Meanwhile, 
carbon nanomaterials (e.g., CNTs and GP)19, 20 have been getting 
attentions as next-generation semiconducting nanomaterials. The mobilities 
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of single-walled CNTs (SWNTs) and exfoliated GP have been reported up 
to 100,00019 and 230,000 cm2 V-1 s-1, 20 respectively, which are much 
higher than that of single-crystal silicon. Their ultrathin thickness enables 
them to be seamlessly integrated in wearable devices while achieving the 
transparency.21-23 The mass production, device performance, and fabrication 
processes of these carbon nanomaterials, however, have many remaining 
challenges for commercial device applications.24
Another approach to achieve both high performance and 
multifunctionality is to utilize hybrids of nanomaterials.25-29 Functional 
hybrid nanomaterials often exhibit substantially different physical, 
mechanical, magnetic, chemical, and optical properties compared to their 
individual and/or bulk counterparts.30-33 By integrating different functional 
nanomaterials, the performance of wearable devices can be dramatically 
improved and/or diversified.1, 7, 34-39 For the realization of this goal, the 
type, size, thickness, and concentration of the nanomaterials should be 
carefully designed.39 In the following, recently reported wearable 
sensors/actuators,7, 13, 40 memories,34, 41 and displays42, 43 that exploit 
various nanomaterials7, 37, 39, 44, 45 and their hybrids (Figure 1) are 
summarized. In addition, the roles of each nanomaterial in specific 
devices, integration methods are described, and brief perspectives on future 
research directions are also provided.
5
Figure 1.1. Overview of wearable devices with integrated nanomaterials. a, 
Schematic of a wearable device mounted on human skin. b–e, Optical 
images of representative wearable devices consisting of functional 
nanomaterials: b, strain sensor;13 c, pressure sensor;40 d, memory arrays;34, 
41 and e, displays.42, 43 f–i, Transmission/scanning electron microscopy 
(TEM/SEM) images of representative functional nanomaterials integrated 
into wearable devices: f, CNTs;44 g, an SiNM;7 h, metal nanoparticles;39
and i, quantum dots.37
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1.2. Wearable Sensors and Actuators
Wearable sensors/actuators have recently attracted considerable 
interest because of their mobile healthcare46 and virtual reality 
applications.47 Sensors/actuators worn on the body, in particular, have 
drawn attention for the continuous and accurate monitoring of 
physiological (e.g., motion1, 40 and temperature48, 49) and 
electrophysiological (e.g., electrocardiograms50, 51 and electromyograms52, 53) 
signals and appropriate instant feedback on them1, which are important for 
point-of-care medical diagnostics and therapy. This section describes 
representative wearable sensors/actuators based on functional nanomaterials 
and their application examples in healthcare and human–machine interfaces.
1.2.1. SiNM-based sensors
Deformability, which is one of the key characteristics of wearable 
electronics, can be achieved by making inorganic materials (i.e. silicon) as 
thin as possible, down to the nanometer scale (i.e. nanomembrane).5 SiNM 
can be fabricated through several processes. One easy fabrication method 
is to remove the buried oxide of a silicon-on-insulator (SOI) wafer and 
pick the top part up or to etch the bottom silicon of the SOI wafer and 
use the remaining top part.7 The obtained SiNM can be located in the 
desired position of the designed layout by using previously reported 
transfer printing techniques.3 SiNM maintains the high carrier mobility18
7
and intrinsic piezoresistivity7 of the bulk monocrystalline silicon, while 
having a high flexibility, which enables diverse wearable electronics 
applications.
For instance, multiplexing through SiNM transistors integrated into 
the flexible high-density electrode array achieves the real-time analysis of 
electrophysiological signals over a large area of the brain10 and heart54
surface. SiNM strain gauges integrated onto polymeric substrates are 
applied as wearable motion sensors thanks to their high piezoresistive 
sensitivity.7, 8 Figure 2a shows images of a SiNM strain gauge array 
integrated with a finger tube that conforms to the thumb. The bending 
motion of the thumb applies a tensile stress to the SiNM strain gauges,
and their resistance increases accordingly without any hysteresis (Figure 
2b). Multiplexing by SiNM p-i-n junction (PIN) diodes is also 
advantageous for constructing a wearable high-spatial-resolution temperature 
sensor array. Figure 2c depicts an 8 × 8 PIN diode array located on a 
heated Cu element (left) and its measured temperature distribution (right). 
The rectifying characteristics of SiNM PIN diodes enable each cell to be 
individually addressable with the minimum number of wires and crosstalk, 
achieving a high spatial resolution. The ultrathin dimensions of the sensor 
array facilitate not only conformal contacts with the target surface but also 
a fast response time by virtue of its extremely low thermal mass.
By combining the SiNM strain gauge, pressure sensor, and 
temperature sensor array in a single platform, a skin-like device 
conformally mounted onto a prosthetic limb is demonstrated.7 For decades, 
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prosthetic limbs have been used mostly for cosmetic purposes, replacing 
lost limbs of amputees. To enhance quality of life, prosthetic limbs fitted 
with wearable platform of sensors for mimicking the sensory reception of 
actual human skin have become a central area of research. Although 
significant progress has been made in flexible and stretchable electronics 
and their wearable applications, there still remain limitations in their 
sensitivity, spatial resolution, deformability, and detection ranges. Therefore, 
a novel integrated electronic skin platform considering site-specifically 
different deformation ranges of skin is highly needed. Chapter 2 describes 
a skin prosthesis that incorporates site-specifically optimized silicon 
nanoribbons (SiNRs) having spatio-temporal strain, pressure, and 
temperature sensing capabilities, as well as associated humidity sensors and 
electro-resistive heaters to mimic the actual skin.
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Figure 1.2. SiNM-based wearable sensors. a, SiNM-based strain gauge 
array on a polymer-based finger tube mounted on a relaxed (left) and 
bent thumb (right).8 b, Relative change in the resistance of the SiNM 
strain gauge according to the bending (black) and side-to-side (red) motion 
of the thumb.8 c, SiNM-diode-based wearable temperature sensor located 
on a heated metal element (left) and the measured temperature distribution 
(right).49
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1.2.2. CNT-based wearable sensors
The macroscopic form of CNTs in most devices is either their 
aligned arrays or random networks. Hata et al. developed a synthesis 
method for ultra-long vertically aligned CNTs using the water-assisted 
chemical vapor deposition (CVD) process.12 The vertically aligned CNTs 
could be selectively grown on a patterned catalyst layer and transferred 
onto a stretchable substrate for device applications such as a strain sensor 
(Figure 3a).13 In this strain measurement, the CNT film deforms as the 
substrate is stretched and its resistance increases. This relative change in 
the resistance according to the applied strain can be used for 
human-motion detection. When the sensor is attached to a human knee, 
the change in the resistance exhibits variations corresponding to the 
wearer’s motion (Figure 3b). Although vertical CNTs are densely aligned 
similar to a forest and therefore have a dark color, randomly oriented 
CNT networks are relatively transparent, particularly at reduced CNT 
concentrations.14 Figure 3c shows a schematic of a transparent patch-type 
strain sensor using random-network CNTs integrated with a conducting 
polymer. By virtue of its optical transparency (62%), it was 
inconspicuously patched onto a human face and successfully distinguished 
facial motions (Figures 3d–f).
CNTs are also excellent nanoscale filler materials owing to their 
small size with good dispersion and exceptional electrical and physical 
properties.55, 56 In this regard, electrically conductive rubber (ECR), which 
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is a composite of CNTs and elastomeric polymers, is prepared and used 
for a wearable mechanical sensor.40 To enhance the sensitivity, nanopores 
and micropores are introduced into the ECR, thereby increasing its 
piezoresistivity and maximizing the locally induced strain when deformed.40
Figure 3g shows a representative method for introducing pores with a 
uniform size and distribution in the ECR. The key idea of this method is 
to use a reverse micelle solution (RMS) comprising an emulsifier, 
deionized (DI) water, and an organic solvent. In accordance with careful 
sequential heat treatments, the migration and merging of the reverse 
micelles and subsequent pore generations occur (Figure 3h). A larger 
porosity and lower elastic modulus are achieved if a larger amount of 
solvent is included in the RMS, thereby resulting in a higher pressure 
sensitivity (Figure 3i). An ECR-based strain gauge fabricated on a medical 
bandage by using ink-jet printing forms a conformal contact with the 
human wrist and successfully monitors wrist motions. Although sensors 
based on CNT networks/composites are relatively cheap, especially those 
that are solution-processed, and mechanically compatible when worn on 
the human body, several issues such as a slow response time, a large area 
uniformity, and the hysteresis and drift of signals still need to be solved.
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Figure 1.3. CNT-based wearable sensors. a, Schematic of the fabrication 
process of the aligned CNT strain sensor.13 b, Relative change in the 
resistance of the strain sensor patched onto the knee depending on his/her 
specific movements.13 c, Schematic exploded view of the transparent 
patchable strain gauge.14 d, Transmittance of the strain gauge depending 
on the wavelength and a photograph showing the device placed on a 
picture (inset).14 e–f, Relative change in the resistance of the strain sensor 
patched onto the face while e, he/she is laughing and f, crying.14 g, 
Schematics of the pore generation process according to the heat treatment 
conditions.40 h, Successive images of the ECR under heat treatment, 
showing the gradually forming pores inside.40 i, Stress–strain curves of 
various types of ECRs, obtained by deforming them and measuring the 
13
strain and applied stress (left), and the relative change in the resistance of 
the ECRs with respect to the applied pressure (right).40 j, Change in the 
resistance of the wearable porous ECRs according to the repetitive 
bending and relaxing motions of the wrist.40
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1.2.3. Wearable sensors/actuators based on nanomaterial hybrids
In several cases, electronic materials having a relatively poor 
performance are unavoidably utilized owing to the limited processing 
temperature and chemical resistance of plastic substrates.57 Appropriately 
chosen functional nanomaterials can compensate for these limitations and 
improve the device performance.39 Figure 4a shows a transparent 
piezoelectric motion sensor and electrotactile stimulator (inset) conformally 
laminated onto the human skin. The piezoelectric motion sensor consists 
of GP layers as the transparent electrodes, polylactic acid (PLA) as the 
piezoelectric material, and SWNTs as the piezoelectric performance 
enhancer (Figure 4b, left). Moreover, the electrotactile stimulator utilizes 
doped GP layers as transparent electrodes and silver nanowires (AgNWs) 
as a conductivity enhancer (Figure 4b, right). The strain-induced charge 
separation in PLA is the main mechanism for piezoelectric energy 
generation. The local increase in the modulus by the CNTs increases the 
locally induced strain inside PLA under deformation, which maximizes 
charge generation (Figure 4c). Figure 4d shows the conductivity 
enhancement by AgNWs sandwiched between GP layers. The enhanced 
conductivity of the GP/AgNWs/GP hybrid contributes to effective 
electrotactile stimulation (Figure 4e).  
Figure 4f shows an illustration and optical image (inset) of a 
semitransparent piezoelectric strain sensor and resistive temperature sensor 
for measuring wrist motions and body-temperature changes for wheelchair 
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control and hypothermia diagnosis, respectively. The strain sensor consists 
of a ZnO nanomembrane as the piezoelectric material and SWNT 
networks as the performance enhancer (Figure 4g). The temperature sensor 
consists of silver nanoparticles (AgNPs) embedded in the ZnO:Al (AZO) 
nanomembrane for improving its sensitivity (Figure 4h). For the strain 
sensor, co-deposited Cr and SWNTs layers improve the crystallinity of 
ZnO and passivate intrinsic defects, respectively (Figure 4i). These 
modifications dramatically amplify the piezoelectric voltage output of the 
intrinsic ZnO nanomembrane (Figure 4j). For the temperature sensor, EC –
EF (EC, minimum energy of the conduction band; EF, Fermi energy level) 
is proportional to the concentration of AgNPs inside the ZnO 
nanomembrane (Figure 4k). The high concentration of AgNPs increases 
the carrier density and therefore improves the sensitivity of the 
temperature sensor (Figure 4l). A more in-depth study of functional hybrid 
nanomaterials would provide new opportunities for high-performance 
wearable devices.
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Figure 1.4. Wearable devices with performance-enhancing nanomaterials. a, 
Photographs showing a transparent wearable motion sensor based on a GP 
heterostructure and the wearable electrotactile stimulator mounted onto 
human skin.1 b, Schematic exploded structure of the transparent wearable 
motion sensor (left) and electrotactile stimulator (right).1 c, Output current 
(left) and voltage (right) of the wearable motion sensor consisting of PLA 
(blue) and PLA/SWNTs (red) according to the bending and relaxing 
motions of the device.1 d, Sheet resistance of pristine GP (red), GP doped 
with a AuCl3 solution (green), an AgNW/GP composite (blue), and its 
SEM image (inset).1 e, Minimum required current for the wearer to sense 
stimulation with respect to the stimulation frequency.1 f, Schematics of a 
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semitransparent piezoelectric strain sensor, resistive sensor, and photograph 
of their applied form on skin (inset).39 g–h, Schematics of g, the wearable 
piezoelectric strain sensor and h, resistive temperature sensor.39 i, X-ray 
photoelectron spectroscopy results obtained from a ZnO nanomembrane 
(top) and ZnO/SWNT composite (bottom).39 j, Output voltage of the 
piezoelectric strain sensor consisting of ZnO (black), Cr/ZnO (red), and 
Cr/ZnO/SWNT (blue) for repetitive bending and relaxing of the sensor.39
k, EC – EF of the AZO nanomembrane with different concentrations of 
AgNPs.39 l, Relative change in the resistance of various types of 
temperature sensors with respect to temperature.39
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1.3. Wearable memories
Data recorded by wearable sensors should be either transferred or 
stored for the analysis. Usually, the data are stored in memory devices 
and retrieved when needed. In this section, two types of ultrathin 
deformable nonvolatile memory devices—charge-trap floating-gate memory 
(CTFM)41 and resistive random access memory (RRAM)34—are described.
1.3.1. Deformable charge-trap floating-gate memory
Since the concept of memory devices using floating gates was 
first proposed,58 field-effect transistor (FET)-based CTFM has established 
itself as a dominant data storage device owing to its small area and 
compatibility with the complementary metal–oxide–semiconductor (CMOS) 
process.59, 60 For the realization of deformable CTFMs as next-generation 
devices, the rigid active materials are replaced with deformable ones such 
as organic materials,61, 62 SWNTs,41 and 2D nanomembranes.63 Figures 5a 
and b show the device structure of an SWNT-based CTFM and its 
laminated form on the human skin, respectively. The Au nanomembrane 
as a floating gate maximizes the charge capturing functionality (Figure 
5c). Soft active layers of SWNT networks are located at the neutral 
mechanical plane and allow stable operation under deformation.
The floating gate of a continuous metal film has a critical 
limitation for the retention time.64 Instead, metal nanoparticles (NPs) are a 
19
promising candidate as the floating gate to realize a fast program/erase 
speed and long retention time.64 Figure 5e shows an optical image of a 
fabricated flexible CTFM using poly(4-vinylphenol) (PVP), pentacene, and 
gold nanoparticles (AuNPs) as the dielectric, semiconductor, and 
charge-trap layer, respectively. AuNPs are electrostatically adsorbed onto 
the PVP blocking oxide, thereby forming a monolayer of AuNPs (Figure 
5f). A large on/off window (>10 V) is obtained owing to the high density 
of AuNPs (Figure 5g). Repetitive bending up to 1,000 cycles with a 
bending radius of 20 mm does not diminish the performance of the 
CTFM.
In continuing efforts to develop wearable devices and stretchable 
electronics, new advances in a wearable high-density nonvolatile memory 
array integrated with stretchable silicon electronics have been reported.65 
For decades, silicon-based flash memory has been the dominant nonvolatile 
data storage device owing to the silicon’s superb electrical properties. 
With the rapid development of wearable electronics, many attempts have 
been made to realize such flash memory on deformable platforms by 
using organic semiconductors as mentioned above. However, the memory 
density, multiplexing capability, stretchability, reliability/performance, and 
charge confinement capability remain limited. Therefore, new advances in 
stretchable memory technology using single crystal silicon are needed 
urgently. Chapter 3 describes a wearable multiplexed array of silicon 
nonvolatile memory that incorporates closely packed AuNP layer as a 
floating gate for facilitating nanoscale charge confinement.
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1.3.2. Nanoparticle-embedded wearable RRAM
RRAM is another promising candidate for future nonvolatile 
memory devices.66-68 By integrating RRAM with wearable sensors, a low 
power consumption and mechanical deformability are important for 
long-term use in mobile environments.34 Figure 5i shows wearable RRAM 
consisting of AuNP charge-trap layers that reduce its operation current. 
Serpentine interconnections make the wearable RRAM stretchable up to 
25% strain (Figures 5j–l). AuNPs embedded between TiO2 nanomembranes 
by Langmuir–Blodgett assembly form a uniform layer over a large area 
(Figures 5m–o). The operation current of the wearable RRAM with one 
AuNP layer is decreased by one order of magnitude compared to that 
without AuNPs (Figure 5p). Three layers of AuNPs exhibit a larger 
current decrease (by almost a factor of three).
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Figure 1.5. Nanomaterial-embedded wearable memory devices. a, Schematic 
of CTFM.41 b, Photograph of the CTFM array conformally attached to 
human skin.41 c, C–V hysteresis curves of a CNT-based memory capacitor 
with (red) and without(blue) a Au thin-film floating gate.41 d, Transfer 
curves of stretched (0–20%) CTFM for the program and erase modes.41 e, 
Photograph of a flexible organic memory device with an AuNP floating 
gate.62 f, SEM image of AuNPs attached to the blocking oxide.62 g, 
Transfer curves of the flexible organic memory device for the initial, 
programmed, and erased states.62 h, Threshold voltage of the flexible 
organic memory device for the programmed and erased states according to 
the number of bending cycles.62 i, Photograph showing wearable RRAM 
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attached to a medical bandage.34 j, Optical images of wearable RRAM in 
the initial (top) and stretched (bottom) states.34 k, Finite-element-analysis 
results showing the strain distribution of stretched (25%) wearable 
RRAM.34 l, I–V characteristic curves of wearable RRAM for different 
stretched states.34 m, Schematic structural view of three layers of AuNPs 
assembled on a TiO2 nanomembrane,
34 n, TEM image showing three 
layers of AuNPs embedded between TiO2 nanomembranes.
34 o, 
Energy-dispersive X-ray spectroscopy results showing the quantitative 
material composition scanned along the red arrow in Figure 5n.34 p, I–V 




To construct user-interactive wearable electronic systems, 
deformable displays that visualize measured or stored data are 
indispensable for users. Recently, several breakthroughs in deformable 
light-emitting diode (LED) technologies, including deformable 
inorganic/organic LEDs,43, 69-72 polymer LEDs,73-75 and quantum-dot (QD) 
LEDs (QLEDs),76, 77 have been reported.
Figures 6a–c show an image of a deformable actively multiplexed 
organic LED array, the device structure, and the bending capability, 
respectively. However, organic light-emitting materials have a low stability 
in air and a low photostability, and thus they need thick encapsulation 
under ambient conditions. QDs, on the other hand, have favorable 
properties such as a good stability in air, good photostability, printability 
on various substrates, and a high brightness at low operating voltages, 
which are important key factors for deformable/wearable displays.78, 79
Figures 6d and e show the structure of recently reported wearable QLED 
devices.37 Thanks to ultrathin active and encapsulation layers, the total 
thickness of the device is ~2.6 μm, enabling conformal contact with the 
wearer’s skin. The wearable QLED is turned on at a low voltage (2 V; 
Figure 6j) and endures 20% stretching up to 1,000 cycles without any 
degradation in its brightness (Figure 6g).
Although extensive research efforts have been devoted to the 
development of ultra-thin light-emitting devices for wearable optoelectronic 
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applications, significant challenges remain. For example, most deformable 
light-emitting devices reported to date have focused on showing their 
light-emitting capabilities from a single device, rather than considering 
their practical functionality on the human body and degree of integration 
with wearable electronics. The original purpose of the wearable display is 
information visualization using co-integrated wearable electronics. Chapter 
4 describes ultra-thin skin-like quantum dot (QD) light-emitting diode 
(QLED) display that can freely visualize various patterns against wearers’ 
skin.
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Figure 1.6. Deformable displays. a, Photograph of a fabricated flexible 
OLED display containing 16 1́6 pixels.42 b, Optical image of one pixel 
of the flexible OLED (left) and an enlarged view of the multiplexing 
CNT FET (right).42 c, Full-color flexible OLED display in which all 
pixels are turned on (left) and its bent form (right).42 d, Schematic 
exploded view showing the device structure of a wearable QLED and an 
SEM image showing the cross section of the display.37 e, TEM image of 
the active layer indicated by the red box in the inset of Figure 6d.37 f, 
J–V–L characteristic curves of the wearable QLED.37 g, Stable brightness 
of the wearable QLED during repetitive stretching cycles. Insets show the 
initial and stretched states of the wearable QLED.37
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1.5. Conclusion
The mechanical, electrical, and optical properties of bulk materials 
change as their size is reduced and/or nanoscale structure engineering is 
introduced. By using the unique properties of such nanomaterials or their 
hybrids, many breakthroughs in wearable devices have been accomplished. 
In this chapter, we reviewed the current status of wearable devices 
including sensors/actuators, memory devices, and displays. we particularly 
focused on the wearable devices composed of functional nanomaterials 
which is utilized to enhance the deformability and performance of the 
devices. The following chapters will deal with recent research 
achievements in developing skin-like sensors, memories, and displays for 
pursuing an integrated wearable system.
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Chapter 2. Stretchable silicon nanoribbon based 
sensor array for skin prosthesis
2.1 Introduction
Skin-based mechanoreceptors and thermo-receptors gather rich 
streams of information from the external environment.1 The central and 
autonomic nervous systems analyze and transform these sensory inputs into 
regulated physiological responses and motor outputs1. Although there is 
significant progress in understanding the neural circuits underlying 
mechanical and thermal sensation,2 replicating these capabilities in artificial 
skin and prosthetics remains challenging. As a result, many amputee 
patients wear prosthetic limbs for cosmetic utility3 or as supplementary 
movement aids4 rather than as a functional replacement for natural limbs. 
Recent advances in the design of prosthetic limbs integrated with rigid 
and/or semi-flexible tactile sensors provide sensory reception to enable 
feedback in response to variable environments.5 However, there still exists 
a mechanical mismatch between conventional electronics in wearable 
prosthetics and soft biological tissues, which impede the utility and 
performance of prosthetics in amputee populations.
Several efforts are underway to bridge the technological gap 
between artificial and real skin. Flexible and/or stretchable tactile sensors 
based on various micro/nano materials and structures have been the focus 
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of intense study.6-11 In particular, pressure sensitive rubbers (PSRs) are 
used as resistive elements that respond to tensile strains,12-14 which can be 
integrated with flexible organic electronics15-18 and nanomaterials-based 
(nanowires19 and nanotubes20) transistors. However, conventional PSRs have 
modest response times and undergo significant hysteresis. Single crystalline 
silicon strain gauges on soft elastomer exhibit a linear relationship 
between strain and relative resistance changes with fast response times.21
These sensors have been previously utilized to detect motion across 
various anatomical locations, such as the wrist22 and fingers.23 In addition, 
stretchable metal and single crystalline silicon temperature sensors12, 24
fabricated on ultrathin substrates have been applied for temperature 
monitoring on human skin. However, the heterogeneity in geometry and 
strain profiles of skin across different anatomies necessitate custom designs 
for specific body locations. Heterogeneous integration of pressure, 
temperature, and humidity sensing coupled with electro-resistive thermal 
actuation in site-specific geometrical layouts would thus provide unique 
opportunities to dramatically advance the state of the art in smart 
prosthetics and artificial skin.
Here, we report a stretchable prosthetic skin equipped with 
ultrathin single crystalline silicon nanoribbon (SiNR) strain, pressure and 
temperature sensor arrays. The SiNR sensor arrays have geometries that 
are tuned to stretch according to the dynamic mechanical properties of the 
target skin segment. This design strategy provides the highest levels of 
spatio-temporal sensitivity and mechanical reliability, thereby dramatically 
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enhancing the perception capabilities of artificial skin in response to 
highly variable external environments. Integration of stretchable humidity 
sensors and heaters further enables the sensation of skin moisture and 
body temperature regulation, respectively. Corresponding electrical stimuli 
can then be transmitted from the prosthetic skin to the body to stimulate 
specific nerves via conformally-contacted ultrathin stretchable 
nanowire-based electrodes, which are decorated with ceria nanoparticles for 
inflammation control.




Quantitative measurement of skin stretchability during various motions: 
Motion capture was used to measure stretchability of skin during various 
movements of hand. For motion tracking of the skin, thirty one reflective 
markers (diameter: 3 mm) were attached on the left hand, spacing at least 
1.5 cm apart to avoid ambiguity of the location data. The locations and 
angles of the twelve motion capture cameras (OptiTrack Prime 41, 
NaturalPoint, USA) were adjusted to the optimum points through 
calibration process using a specially designed calibration wand. The subject 
wearing reflective markers moved his limb in predetermined way, and the 
motion capture cameras recorded the position changes of the reflective 
markers. The recorded data was analyzed with motion tracking software 
(Motionbuilder, Autodesk, USA) to rebuild the motions and extracted three 
dimensional coordinates of the reflective markers. Assuming that 
neighboring markers were placed on the same plane, the degree of skin 
stretching was measured by calculating the change of distance between 
nearby markers.
Fabrication of SiNR-based devices: A boron doped (resistivity 8.5~11.5 
Ω∙cm) 142 nm thick silicon-on-insulator (SOI) wafer (prime grade, Soitec) 
was prepared. To make ohmic contact with metal interconnection, the SOI 
wafer pieces were highly doped with spin-on-dopant (SOD) (B153 for 
boron, P509 for phosphorus, Filmtronics, USA; spin-coated at 3,000 r.p.m. 
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for 30 s, pre-deposited at 220 ˚C for 5 min and drove-in at 975 ˚C for 3 
min 30 s). The highly doped silicon nanomembrane (SiNM) was liberated 
from the substrate by etching of buried oxide using hydrofluoric acid 
(~49%, J. T. Baker®, USA). A precursor solution of polyimide (PI) 
(polyamic acid, Sigma Aldrich, USA) was spin-coated (8,000 r.p.m. for 60 
s; ~1.0 μm) on a silicon oxide (SiO2) wafer (test grade, 4science, 
Republic of Korea). After partially curing the PI at 110 ˚C for 1 min, 
SiNM were transferred onto the PI layer by polydimethylsiloxane (PDMS) 
stamp. After curing of the PI layer at 250 ˚C for 1 hour, serpentine 
photoresist (S1805, Microchem, USA) masks were defined 
photolithographycally on the SiNM and exposed silicon was etched using 
reactive ion etching (RIE; SF6 plasma, 50 s.c.c.m., chamber pressure of 50 
mtorr, 100 W RF power for 25 s), forming isolated SiNRs. Thermal 
evaporation was used for metallization (gold (Au)/chromium (Cr); 70 nm/7 
nm thick), and the serpentine metal lines were defined with 
photolithography and subsequent wet chemical etching. Then, top PI layer 
was spin-coated and cured just like a bottom PI layer so that the device 
layer was encapsulated and placed near the neutral mechanical plane. The 
entire trilayer (PI/device/PI) was patterned by RIE (O2 plasma, 100 
s.c.c.m., chamber pressure of 100 mtorr, 150 W RF power for 10 min), 
forming mesh-like structure to make it stretchable. The whole device 
formed on the SiO2 wafer was picked up with water-soluble tape (3M, 
USA) by virtue of poor adhesion between bottom PI layer and SiO2
substrate, and the device on the tape was transferred onto cured PDMS 
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film (base:curing agent(w/w) = 40:1, cured at 70 ˚C for 3 hours) 
spin-coated (3000 r.p.m. for 30 s) on the polyvinyl alcohol (PVA) film. 
Deionized water was used to dissolve the water-soluble tape to release the 
device and PDMS was spin-coated (3000 r.p.m. for 30 s) on it for 
encapsulation. For attachment of device on the substrate on demand 
(human skin for mapping degree of stretchability or PDMS film for 
making skin prosthesis), the encapsulated device was picked up with PVA 
film, attached on the target substrate with the device facing down, and the 
PVA film was removed by DI water.
Fabrication of Au-based devices: A precursor solution of PI was 
spin-coated on a SiO2 wafer. The PI layer was fully cured at 250 ˚C for 
1 hour. To form separated electrodes for humidity sensors and resistive 
conduction paths for heaters, Au/Cr (70 nm/7 nm) layers were deposited 
by using thermal evaporation process. The deposited metal film was 
patterned through the photolithography. For the encapsulation, another PI 
layer was spin-coated and cured using the same procedures and conditions. 
The whole structure (PI/metal/PI) was patterned as a stretchable form, 
released from the SiO2 wafer, and then transferred to the polymeric 
substrate by using the same process as mentioned above.
Characterization of SiNR strain gauges: Resistance change measurement of 
SiNR strain gauges was carried out for various serpentine designs under 
various stretching conditions. The resistance change tendency depending on 
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the direction of the stretching was also analyzed. The automated bending 
stage was used to stretch the artificial skin containing strain gauge arrays 
with sufficient accuracy. The resistance of strain gauges under specific 
stretching conditions were calculated using applied constant current (4 mA) 
and measured corresponding voltage using source measurement units 
(SMU; NI PXIe-4143, National Instruments, USA) controlled by custom 
made LabVIEW based program (National Instruments, USA). Continuous 
resistance change monitoring of SiNR strain gauges having different 
serpentine design, and temperature dependency comparison between a 
single strain gauge and four strain gauges in Wheatstone bridge 
configuration were performed with the probe station (MSTECH, Republic 
of Korea) and parameter analyzer (B1500A, Agilent, USA). The current 
flowing through each strain gauge under cyclic stretching (0~5%) was 
measured for 15 s while the constant voltage (0.1 V) was applied. The 
calculated resistance was simply converted into relative resistance change 
(ΔR/R0) by setting up the initial resistance (R0) as the resistance of 
undeformed strain gauge.
Characterization of SiNR pressure sensors: Resistance change measurements 
for SiNR pressure sensors were recorded for representative serpentine 
designs under various applied pressures. A screw having diameter of 0.5 
cm was set on the load cell to press the specific region of the pressure 
sensor array. The load cell measured the applied load, and corresponding 
pressure could be calculated by dividing the load with the area. The 
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resistance change induced by the applied pressure was calculated using the 
applied constant current (4 mA) and the corresponding voltage measured 
by the SMU. 
Characterization of SiNR temperature sensors: To obtain I-V curves of 
p-n-diode-based SiNR temperature sensors, electrodes connected to the 
p-type and n-type region were probed by using the probe station. The 
increasing voltage was applied to the p-type region while the n-type 
region was grounded, and the corresponding current was measured by the 
parameter analyzer. The calibration curves were obtained by deducing the 
corresponding voltages at the specific current (10 nA) from the I-V curves 
and plotting them with respect to the temperatures measured by IR 
temperature sensor.
Temperature mapping using SiNR temperature sensors array: There is an 
inversely linear relationship between temperature and the resistance of 
SiNR temperature sensor biased for specific constant current flow. Prior to 
temperature mapping, the calibration process was performed to relate the 
surface temperature measured by IR camera (i5, FILR, Sweden) and the 
resistance of SiNR temperature sensor at specific constant current. Using 
this relationship, regional temperature information could be obtained by 
monitoring resistance of regionally distributed SiNR temperature sensors at 
specific current (500 nA or 5 μA). During the measurement, the SiNR 
temperature sensors were forward biased by the SMUs and the current 
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was sequentially applied to the dozens of the temperature sensor by virtue 
of the multiplexer switch. The resistances of each SiNR temperature 
sensor were converted to the temperature using the calibration results, the 
deduced temperature from six neighboring SiNR temperature sensors were 
averaged, and these values over the all sensing area were interpolated by 
the MATLAB software to obtain the temperature map.
Characterization of humidity sensors: Relative humidity was controlled by 
introducing mixed streams of dry nitrogen and deionized water vapor in 
proper ratio into the test chamber. Relative humidity was measured with a 
commercial humidity temperature meter (CENTER®310) placed inside the 
test chamber. The capacitance changes of the fabricated humidity sensor 
were measured using a digital multimeter (NI PXI-4072, National 
Instruments, USA) controlled by a custom-made LabVIEW program.
Characterization of heaters: The stretchable heater (Au/Cr, 70nm/7nm, 550 
Ω) on a PDMS substrate was connected to the power supply. The 
thermogram was captured by a commercial IR camera (320×240 pixels; 
P25, FILR, Sweden). A manual bending stage was used to stretch the 
stretchable heater to apply designated amount of strain.
Impedance characterization of Au, Pt/Au film, and Pt nanowires (NWs)/Au 
electrode: Thermally evaporated Au electrode, electrically deposited Pt film 
on Au electrode, and electo-chemically grown PtNWs on Au electrode 
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were prepared. Impedance of each electrode was measured using 
electrochemical workstation with the three-electrode system: a platinum, 
Ag/AgCl and target electrode as a counter, reference and working 
electrode, respectively. All electrodes were immersed in the conductive 
PBS solution, therefore they are electrically connected each other. Using 
alternating current (AC) impedance mode with the frequency range of 1 to 
106 Hz, impedance characterization was carried out for ~5 min at the 
room temperature.
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2.3. Results and discussion
2.3.1. Artificial skin with multi-modal sensing capability
Figure 2.1 shows an image of artificial skin with integrated 
electronics laminated on the surface of a prosthetic hand. The artificial 
skin surface of the prosthesis is highly compliant (inset), and mechanically 
couples to the curvilinear surface of the prosthesis. A schematic illustration 
of the stacked layers (Figure 2.1b) highlights the location of the embedded 
electronics, sensors and actuators, with magnified views shown in Figure 
2.1c-f. 
The bottom layer contains electroresistive heaters in filamentary 
patterns bonded to the PDMS (Dow Corning, USA) substrate. These 
thermal actuators are in fractal-inspired formats25 (Figure 2.1f) to facilitate 
uniform heating during stretching and contraction of the skin layer. To 
monitor tactile and thermal feedback during actuation, we employ strain 
(Figure 2.1c), pressure (Figure 2.1d, left) and temperature sensor (Figure 
2.1d, right) arrays in the middle layer of the stack. These network of 
sensors have spatially varying geometrical designs, ranging from linear to 
serpentine shapes (Figure 2.2, denoted as S1-S6 in ascending order of 
curvatures), depending on the mechanics of the underlying prosthetics. An 
array of humidity sensors, consisting of coplanar capacitors (Figure 2.1e) 
in the top encapsulating layer detects capacitance changes at different 
humidity levels (Figure 2.1e bottom right, inset shows the magnified view) 
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to capture information about ambient conditions. Each sensor/actuator layer 
has distinct interconnections to the external data acquisition instrument 
(Figure 2.1b). Integration of each stacked layer using via-hole structures 
can further simplify the wiring requirements. Due to this stacked structure 
configuration, sensor arrays may mechanically interfere with each other. 
For instance, strain/pressure sensors positioned beneath humidity sensors 
could exhibit reduced mechanical responses to external deformations 
because of the additional stiffness. To address this issue, stacked structures 
with staggered arrangement of sensors provide a possible solution to 
minimize interferences.
All of the aforementioned devices have ultrathin regions, i.e.
SiNRs or metal traces that are passivated by polyimide (PI; Figure 2.1c-f,
upper right inset). The one exception is the design of the tactile pressure 
sensors, which contain a cavity to enhance sensitivity in response to 
mechanical pressure changes. The key material utilized in the fabrication 
of these tactile sensors is p-type doped single crystalline SiNRs, which 
have both high piezoresistivity (gauge factor: ~200)21 and low fracture 
toughness (~1.0 MPa m1/2).26 To prevent mechanical failures, we employ 
mechanical strategies, whereby ultrathin (~110 nm) SiNRs are kept in the 
neutral mechanical plane of the stack27. Figure 2.1g shows a scanning 
electron microscope (SEM) image of a crack-free SiNR transferred on the 
silicon oxide substrate. Wrinkles are deliberately induced to highlight the 
ultrathin nature and mechanical flexibility of the SiNR under mechanical 
deformation (Figure 2.1h). Figure 2.1i shows a cross-sectional transmission 
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electron microscope (TEM) image of the SiNR located in the neutral 
mechanical plane (PI/SiNR/PI structure). These designs help to minimize 
bending induced strains.27
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Figure 2.1. Prosthetic skin based on site-specifically designed SiNR 
electronics. a, Photograph of a representative smart artificial skin with 
integrated stretchable sensors and actuators covering the entire surface area 
of a prosthetic hand. The inset shows the artificial skin stretched ~20%. 
b, An exploded view of artificial skin comprised of six stacked layers. 
Interconnected wires of each layer relay signals to external instruments. c,
Representative microscopic images of SiNR strain gauge: S1 which has a 
curvature of 0 mm-1 (left); S6 which has a curvature of 10 mm-1 (right). 
S1 and S6 are optimized for the location of minimal stretch (~5%) and 
large stretch (~30%), respectively. d, Representative microscopic images of 
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SiNR pressure sensor S6 and temperature sensor S6. e, Microscopic image 
of humidity sensor. Bottom right inset shows the magnified view of the 
central area, showing separate electrodes with identical inter-spiral gap. f,
Microscopic image of electroresistive heater. c-f, The upper right insets of 
the each figure show that the cross sectional structure of each device. g,
SEM image of the SiNR transferred on the silicon oxide substrate. The 
wrinkles are deliberately formed to show the SiNR’s high flexibility. h,
The magnified view of wrinkled SiNR. i, A cross-sectional TEM image of 
the strain gauge, showing that the SiNR encapsulated with PI layers is 
located at the neutral mechanical plane.
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Figure 2.2. Microscope images of the serpentine shaped strain and 
temperature sensors with various curvatures, κ = 0 (S1), 1.94 (S2), 4.74 
(S3), 7.4 (S4), 9.75 (S5), 10 mm-1 (S6). a, Linear and serpentine shaped 
p-type doped SiNRs for strain sensors. b, Linear and serpentine shaped
SiNRs p-n junction diodes for temperature sensors.
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2.3.2. Detection of regional strain of skins in various motions
Skin normally experiences multi-axial forces and undergoes a 
range of angular and linear motions at different body locations. This 
heterogeneity in movements and strains of skin suggest the need for 
location-specific optimization of sensors and actuators in artificial skin and 
prosthetics. For example, a network of tactile sensors and strain gauges 
can provide feedback about tensile strains to characterize fatigue or 
ensuing failure modes in a highly localized manner. 
To characterize the mechanical behavior of movements and skin 
mechanics on the arm and hands, we capture movement and strains from 
several target points on skin using a motion capture camera system 
(Figure 2.3a). In total, twelve motion-capture cameras (OptiTrack Prime 
41, NaturalPoint, USA) are synchronously used to acquire 
three-dimensional coordinates of reflective markers affixed to the hand and 
wrist. Four representative hand movements, including fist clenching as well 
as vertical (bending) and lateral (tilting) wrist movements are analyzed 
(Figure 2.3b). Strain distribution is calculated by measuring displacements 
relative to neighboring reflective markers. During fist clenching, the skin 
stretches ~5% (Figure 2.3b, upper left), whereas, significantly greater 
strains (~16%) are induced in response to bending (Figure 2.3b, upper 
right). Tilting movements induce compression on the wrinkled side of the 
wrist, while skin experiences stretching on the opposing side of the wrist 
(Figure 2.3b, bottom). 
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By gathering these movement data, we map strain profiles near 
the wrist and hand (Figure 2.3c). For regions where skin hardly stretches, 
linear SiNR (S1 design) is used to maximize sensitivity. On the other 
hand, serpentine SiNRs (e.g. S3 or S6 designs) are applied on more 
stretchy areas, to accommodate for the larger range of strain changes. 
Furthermore, the curvature SiNRs are optimally designed depending on the 
stretchability of the underlying anatomy (e.g. low deformation region ~5%: 
S1 design, medium deformation region ~10%: S3 design, high deformation 
region ~16%: S6 design, right frames of Figure. 2.3c). These site-specific 
SiNR sensor arrays are shown in Figure 2.3d. The exploded frames to the 
right are magnified images of each design. These ultrathin filamentary 
designs enable conformal integration on human skin with high signal 
sensitivity and mechanical durability. Detailed step-by-step fabrication 
procedures are included in Figure 2.4.
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Figure 2.3. Detection of strain distributions of skins in various motions. a, 
Schematic image of motion capture system. b, Regional strain maps of the 
skin, calculated using positional information acquired by motion capture 
system for four different motions: clenching fist, front bending, tilting left 
and right. An upper left inset of each case shows the actual hand with 
reflective markers. c, Map of maximum stretching range for entire area 
acquired by combining the data from b, and corresponding arrangement of 
site-specifically designed SiNR strain gauge. The frames on the right show 
magnified views of each design (S1, S3, and S6 designs; indicated as 
black box). d, Image of the fabricated site-specifically designed SiNR 
strain gauge arrays conformally attached on the back of hand. The frames 
on the right show magnified views of each design (indicated as white 
box). S1, S3, and S6 design for low, medium, and high deformation 
location, respectively.
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Figure 2.4. Schematic overview of the fabrication process of a SiNR-based 
sensor array.
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2.3.3. SiNR mechanical sensors with site-specific sensitivity
To characterize the effects of strains on different SiNR sensor 
designs, we examine several serpentine designs (Figure 2.5a) with different 
curvatures. As applied strains increase, SiNR strain gauges with small 
curvature experience considerably greater strains compared to those with 
larger curvatures. The serpentine designs of large curvature help to relieve 
induced strains more than smaller ones. This effect is captured by 
measuring relative resistance (ΔR/R) as a function of applied strain (Figure 
2.5b). An experimental stretch test setup using a custom-made bending 
stage is shown in Figure 2.6a.
SiNR sensors of larger curvature can withstand greater applied 
strains, and thereby have large dynamic range, but exhibit reduced 
sensitivity (Figure 2.5b). But cyclic stretching tests reveal that sensitivity 
increases with lower curvatures (Figure 2.7). We examine six unique 
serpentine designs with curvatures of κ = 0 (S1), 1.94 (S2), 4.74 (S3), 
7.4 (S4), 9.75 (S5), and 10 mm-1 (S6) for cyclic stretching test. According 
to this tradeoff effect, SiNR S1 is most appropriate for sites with small 
range of stretching, whereas SiNR S6 is more suitable for regions 
experiencing large stretching. The results also indicate that SiNR strain 
gauges have a linear and fast response time, and no hysteresis irrespective 
of designs. The SiNR strain gauges are mainly sensitive to the 
longitudinal stretching (Figure 2.8a and b). Noise in the strain sensors is 
often caused by shift in external temperature, which affects individual 
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strain sensor resistance measurements. To reduce effects of noise caused 
by thermal shifts, a Wheatstone bridge configuration can be applied 
(Figure 2.8c and d). In the future, it is necessary to incorporate strain 
gauges in rosette configurations28 to measure strain distribution in the 
arbitrary xy coordinate plane to characterize plane strain of prosthetic skin 
(Figure 2.9).
Site-specific designs for strain gauge arrays that conform to the 
complex geometry of the human hand (Figure 2.6b) are used to measure 
its strain distributions. Figure 2.9 shows strain distribution maps (red 
dotted box regions) in response to four representative hand motions. 
Signals are collected with a multiplexing measurement unit (Figure 2.6c). 
For locations where skin deformations are small (e.g. back of hand), the 
S1 designs are used (clenching fist; Figure 2.10a, upper left). Despite 
small induced strains on the back of hand, the SiNR strain gauge arrays 
with S1 design successfully map the regional strain distribution. 
Conversely, SiNR strain gauge arrays with S6 design are used in locations 
where large skin deformations occur (e.g. wrist region), with significant 
bending (Figure 2.10a, upper right) and tilting (Figure 2.10a, bottom). The 
SiNR strain gauge arrays measure large induced strains with high fidelity. 
Even larger induced strains exist near knee joints and can be measured 
(Figure 2.10b). SiNR strain gauges having large curvatures (e.g. S3) 
endure mechanical deformations in response to cyclic bending of knee 
joints more than small curvatures (e.g. S1). 
Figure. 2.11a shows the working principle of a SiNR pressure sensor. By 
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designing a cavity in the PI passivation layer of SiNRs, the pressure 
detection sensitivity is enhanced (Figure 2.11a, top versus bottom), as 
confirmed by FEA. For the FEA, the cross-sections of the SiNR pressure 
sensors with and without the cavity are modeled using four-node 
plane-strain elements. The silicon and PI layers are assumed to be bonded 
perfectly. The pressure boundary conditions (~50 kPa) are applied on the 
top surface of the PI layer. The cavity-based SiNR pressure sensor shows 
~10 times higher sensitivity to applied pressures than the SiNR pressure 
sensor without the cavity for both S1 and S6 designs (Figure 2.11b). 
Detailed measurements of sensitivity for S1 and S6 are 0.41% kPa-1 (with 
cavity) versus 0.0315% kPa-1 (without cavity) and 0.075% kPa-1 (with 
cavity) versus 0.0073% kPa-1 (without cavity), respectively. 
Serpentine-shaped SiNR pressure sensors (e.g. S6) have reduced sensitivity 
to vertical pressures compared to linear versions (S1). However, the 
pressure sensitivity of S6 design sensors is comparable to human 
mechanoreceptors responses, which normally respond to stresses as low as 
~87 kPa.1 Figure 2.11c show pressure response maps from sensor arrays 
with S6 designs. S6 design sensors are suitable for the relatively more 
elastic regions where modest tactile sensitivity is required, such as near 
the wrist.
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Figure 2.5. SiNR strain gauges of different sensitivities and detection 
ranges. a, Images of SiNR strain gauges of different curvature. b,
Resistance changes for different curvatures of SiNR, depending on applied 
strain.
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Figure 2.6. Experiment and measurement setup for stretching test. a, 
Experiment setup to measure the strain and temperature using SiNR-based 
sensor arrays. b, Magnified image of the conformally attached strain gauge 
arrays on the wrist. Inset shows the corresponding schematic illustration. c, 
Multiplexing schemes for measuring the regional strain distribution with 
the sensor arrays.
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Figure 2.7. Temporal resistance changes of different curvature of SiNR 
under cyclical stretching.
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Figure 2.8. Stretching direction dependency and thermal effects on a strain 
gauge. a, Illustration of experimental setup for the analysis of stretching 
directional dependency of the SiNR strain gauge. b, Percent resistance 
changes of a SiNR strain gauge against longitudinal (red) and transverse 
(blue) strain. c, Microscope image of SiNR strain gauges in the 
Wheatstone bridge configuration. d, Output voltage changes measured from 
the Wheatstone bridge (red) and percent resistance change of 
single-resistor-based strain gauge (blue) as a function of temperature. 
Schematic diagram of the Wheatstone bridge (red inset) and 
single-resistor-based strain gauge (blue inset).
66
Figure 2.9. 2D strain distribution analysis of uniaxially stretched PDMS. a, 
Photograph of camera-based experimental setup used for analysis of the 
2D strain distribution on uniaxially stretched PDMS. b, Serial images of 
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the stretched PDMS sample (0~30%). The sample is coated with paint in 
dot patterns to allow position recognition. Green rectangles in the figure 
indicate the measured region. c, Areal strain distributions in the 
longitudinal (top) and transverse (bottom) directions of the uniaxially 
stretched PDMS show changes which can be measured with strain gauge 
rosettes. d, Tri-axial changes in strain as a function of time. The 
stretching rate is 6 mm min-1.
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Figure 2.10. Strain measurement on various body parts. a, Regionally 
mapped percent resistance changes, measured by site-specifically designed 
strain gauge arrays (S1 for minimal stretch region, S6 for large stretch 
region). Mapped regions are indicated with red dotted box for four 
different motions. b, Detection of strains at the knee during the bending 
motion. Regional strain maps of the skin over the knee, calculated using 
positional information acquired by the motion capture system, in case of 
minimal bending (top left) and extreme bending (top right). Insets show 
the image of the knee with reflective markers. Magnified image of the 
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conformally attached strain gauge arrays on the bent knee (bottom left). 
Percent resistance changes of strain gauges with different designs (S1, S2, 
S3) depending on the motion status (repetitive relaxing and bending of the 
knee). S1 and S2 designs fail during the cyclic bending motion (bottom 
right).
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Figure 2.11. SiNR pressure sensors of different sensitivities and effects of 
a cavity on the sensitivity. a, Schematics show working principle of the 
SiNR pressure sensor with a cavity (top left) compared to the SiNR 
pressure sensor without a cavity (bottom left), SEM images of the device 
cross section with a cavity (top middle) and without one (bottom middle), 
and FEA results (top right; bottom right). b, The resistance changes of a 
pressure sensor with a cavity (black) and without a cavity (red) with 
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respect to the applied pressure for different design of the SiNR (S1: graph 
on the left, S6: graph on the right). c, Regionally mapped percent 
resistance changes measured by pressure sensor array of S6 for gradually 
increasing pressure.
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2.3.4 Resistance changing mechanism of the serpentine SiNR sensors
There are two reasons for resistance change when the SiNR 
sensors are deformed: change of its dimension and piezoresistivity of the 
single crystalline silicon. When positive strain is applied to the SiNR 
sensor, it will be elongated and its resistance will be governed by the 
equation of R=ρL/A, where ρ is bulk resistivity, L is the length of the 
sensor, and A is the area of the cross section. However, the mechanical 
elongation of the SiNR is limited, so the piezoresistivity effect mainly 
cause SiNR’s resistance changes. The piezoresistivity of the SiNR depends 
on the mobility:     where q is the charge per unit charge carrier, 
 is the mean free time between carrier collision events, and m* is the 
effective mass of a carrier in the crystal lattice. Both  and m* are 
dependent on lattice spacing which is changed by mechanical 
elongation/compression of the SiNR. Therefore, deformed area and degree 
of deformation have significant effects on the resistance changing of 
SiNR.
Resistance of SINR can be obtained by R0[1+πLσxx+πT(σyy+σzz)], 
where R0, πL, πT, σij denote the resistance when no strain is applied, 
longitudinal and transverse piezoresistive coefficients, and tensile stress 
components in x, y, z directions. The piezoresistive coefficients are 
strongly dependent on the crystallographic axes. In case of the {100} 
wafers, the piezoresistive coefficient for p-type silicon shows maximum 
value in the <110> direction. Therefore, p-type SiNR strain gauge should 
be aligned along with the <110> direction during fabrication processes.
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2.3.5. SiNR temperature sensors and Au based sensor/actuator
To measure temperature, SiNRs are doped twice to form p-n 
junctions (Figure 2.1d, right). Temperature sensors integrated onboard 
prosthetic skin should not be affected by mechanical deformations. Figure 
2.12 shows I-V curves of distinctively designed temperature sensors (from 
S1 to S6 designs) at room temperature in response to applied strains. The 
divergence between each I-V curve under different strains is remarkably 
reduced as the curvature of sensors is increased (e.g. S6). The large 
curvature sensors allow for stable temperature measurements under a wide 
range of stretching conditions. I-V curves of S1 and S6 temperature 
sensors are obtained at different temperatures under 0% and 10% applied 
strain (Figure 2.13). Figure 2.14a shows calibration curves obtained by 
extracting voltages at specific current (~10 nA) from I-V curves. The 
calibration curves for S1 design show the dramatic shifts in response to 
applied strain, whereas the S6 design exhibits minimal change. 
Temperature sensors with S6 design are used to minimize the effect of 
mechanical deformations on the temperature sensing. The temperature 
sensor design with high curvature enables reliable temperature monitoring 
under various applied pressures (Figure 2.14b). A temperature distribution 
map is realized with these sensor arrays with and without local heating 
(Figure 2.14c). The temperature sensor array data streams are comparable, 
to those collected with a commercial IR camera as a control. To construct 
large area temperature sensor arrays, a multiplexing strategy is necessary 
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to minimize the wiring number. SiNR diode temperature sensors have a 
significant advantage in their construction owing to their rectifying 
characteristics.29 The spatial resolution of the multiplexed temperature 
sensor array of SiNR diodes is sufficiently high to accurately recognize 
the thermal profile of a heated object (Figure 2.14d). Further increases in 
sensitivity can be achieved by incorporating novel 
nanomaterials/microstructures.6, 30
Although there is no specific biological receptor that senses skin 
exposure to humidity, human skin has the ability to sense changes in 
humidity with mechanoreceptors and thermo-receptors.31 To mimic this 
capability, we fabricate stretchable capacitance-based humidity sensor 
arrays. Humidity sensing is performed in a test chamber with humidity 
control. The humidity sensor arrays detect capacitance changes induced by 
the permittivity change of PI, which absorbs water molecules (Figure 
2.15a, left). A calibration curve (Figure 2.15, right) demonstrates this 
behavior. Spatial differences in humidity are discriminated (Figure 2.15b, 
left). External disturbances, such as fingertip touch (Figure 2.15b, right), 
external strains (Figure 2.15c, left), and temperature changes (Figure 2.15c, 
right) have negligible effects on the humidity sensing.
For prosthetic devices and artificial skin to feel natural, their 
temperature profile must be controlled to match that of the human body. 
We thus fabricate stretchable thermal actuator arrays, whose thermal 
signature is readily controllable. The temperature of heating array can be 
adjusted by controlling applied voltage and time (Figure 2.16a) Thermal 
75
actuation performance remains intact under stretching conditions (Figure 
2.16b, ~0% and ~10%).
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Figure. 2.12. I-V characteristic curves of temperature sensors under applied 
strains (0%, 1%, 3%, 5%, 7%, 9%) at room temperature with different 
designs. a, S1, b, S2, c, S3, d, S4, e, S5, f, S6.
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Figure. 2.13. Experimental setup and I-V curves of temperature sensors at 
different temperatures with various applied strains. a, Schematic of 
experimental setup for SiNR temperature sensor characterization. b, I-V 
curves of the S1 temperature sensor without (left) and with applied strain 
(10%, right). c, I-V curves of the S6 temperature sensor without (left) and 
with applied strain (10%, right).
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Figure 2.14. SiNR temperature sensor array characterization. a, Calibration 
curves of SiNR temperature sensors of representative designs (S1: graph 
on the left, S6: graph on the right) under 10% stretched (red) and 
unstretched conditions (black). b, An illustration of experimental setup for 
applying pressures to the S6 design temperature sensor array (left). 
Calibration curves of the temperature sensor under various applied 
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pressures (right), 0 kPa (black), 20 kPa (red), 40 kPa (orange), 60 kPa 
(green), and 80 kPa (blue). Calibration curves are obtained by extracting 
voltages from I-V curves at the specific current (1 μA). c, Regionally 
mapped temperature measured by an IR camera and the SiNR temperature 
sensor array of S6 for initial condition (left) and partially heated condition 
(right). d, A photograph of SiNRs diode based 5×5 temperature sensor 
array (left). A temperature map obtained by using the temperature sensor 
array showing a silhouette of the heated object (right).
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Figure 2.15. Humidity sensor characterization. a, Schematic diagram of 
humidity sensor (left) and sensing mechanism (inset). A calibration curve 
of the coplanar humidity sensor (right). b, Map of regional capacitance 
change when water droplets covering the partial area of the coplanar 
humidity sensor array (left). Responses of the capacitor sensor array the 
humidity sensor array is touched by a dry finger (right). c, Strain (left) 
and temperature (right) dependency of the humidity sensor, measured at 
the relative humidity (RH) of 50% and 20%, respectively. The humidity 
sensor shows negligible signal changes against the external strains and 
temperature changes.
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Figure 2.16. Heating capability of the stretchable heater under applied 
strains. a, An image of fractal-inspired stretchable heater (1st frame) and 
IR camera images of the heater when the voltage of 15 V is applied for 
different period of time (2nd~4th frame). b, Stretchability of heater. Heater 
is stretched from ~0% (left) to ~10% (right) with no degradation in 
heating performance.
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2.3.6. Electronic skin responses in various daily life situations
The prosthetic hand and laminated electronic skin could encounter 
many complex operations such as hand shaking, ball grasping, holding a 
cup of hot/cold drink, touching dry/wet surfaces, and human to human 
contact. In the case of hand shaking, spatiotemporal strain can be mapped 
with SiNR strain gauge arrays. The strain map has high fidelity and 
captures minor shifts in strain near the index finger and respective joints 
(Figure 2.17). To investigate the performance of SiNR pressure sensors, 
we monitor temporal resistance changes in response to grasping of a ball 
(Figure 2.18). Pressure sensors show rapid and reliable responses to 
external stimuli. Temperature sensing is another important function of skin 
prosthesis. Temporal temperature monitoring is successfully done (red) 
once a hand touches a cup containing hot (Figure 2.19a) and cold (Figure 
2.19b) liquid. Control temperature measurements are performed with an IR 
sensor (blue). 
Another application for smart prosthetics is tactile sensing of dampness 
caused by fluid contact. Humidity sensors in the prosthetic skin provide 
feedback on the level of humidity and wetness in the representative 
example of a diaper (Figure 2.20, left and middle). The measured 
capacitance differences between dry and wet cases are clearly 
distinguishable (Figure 2.20, right). In addition, thermal actuators can 
provide the controlled heating to make the sense of touch from a 
prosthesis close to natural (Figure 2.21, left). The artificial skin with the 
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stretchable heater is warmed to ~36.5 ˚C (Figure 2.21, middle) to mimic 
body temperature. The heat transfer to the baby doll is then captured with 
an IR camera (Figure 2.21, right).
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Figure 2.17. Electronic skin measuring strain distribution during handshake. 
Sequential images of prosthetic hand performing handshake. Spatiotemporal 
maps of resistance change of SiNR strain gauge arrays are overlapped at 
the corresponding locations on the back of hand.
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Figure 2.18. Electronic skin measuring pressure while grasping a ball. An 
image of the prosthetic limb catching a baseball (left) and a plot for the 
corresponding temporal resistance change of the SiNR pressure sensor, 
showing dynamics of the prosthetic hand in grasping, maintaining and 
relaxing motions (right).
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Figure 2.19. Electronic skin measuring temperature while holding a 
cold/hot cup. Image of the prosthetic limb touching a cup of hot (top left) 
and iced water (bottom left), and plots for the corresponding temporal 
current change of the SiNR temperature sensor (PIN diode, red) and 
actual temperature trace measured by IR sensor (blue) (top right: for the 
hot cup, bottom right: for the cold cup).
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Figure 2.20. Electronic skin measuring humidity while touching a wet/dry 
diaper. Images of baby doll with the wet diaper (left) and the prosthetic 
hand touching the wet diaper (middle). Capacitance change of the 
humidity sensor (right) before/after touching the dry (red)/wet (blue) 
diaper.
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Figure 2.21. Electronic skin conveying warmth to the baby doll. Images 
of the prosthetic limb caring a baby doll touching head (top left) and 
stomach (bottom left), IR camera images of heated prosthetic hand to the 
body temperature by the heater in the artificial skin (top middle, bottom 
middle). The heat remained high after detaching the prosthetic hand (top 
right, bottom right).
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2.3.7. Relaying sensory signals to peripheral nerves
The ultimate goal of the skin prosthesis is to let amputees feel 
external stimuli as if they feel through the actual skin. To achieve this 
goal, sensed signals from various sensors should be processed to stimulate 
the corresponding peripheral nervous system (Figure 2.22a and b). For 
effective charge injection to the peripheral nerve fibers, low impedance of 
interfacing electrode array (MEA) is essential.32 In addition, there are 
various mechanical motions of adjacent muscles, which requires easy 
deformability of interfacing electrodes between electronics and biological 
tissues such as neurons.33 Suppression of inflammation, which is often 
caused by reactive oxygen species (ROS),34 is also important because 
severe inflammatory responses can kill nervous cells35 and damage the 
peripheral nervous system.
To achieve low impedance, platinum nanowires (PtNWs; Figure 
2.23a) are grown on the exposed electrodes in MEA. PtNWs are grown 
using an electrochemical method with anodic aluminum oxide (AAO) 
membrane which guides the growth of PtNWs. A solution of ceria 
nanoparticles is drop-casted on the PtNWs (Figure 2.23b) to suppress the 
ROS generation which might be toxic at high concentration.34 The low 
material impedance of Pt and large surface area of NWs decrease the 
impedance lower than planar Au electrode (Figure 2.23c). Ceria 
nanoparticles decorated on PtNWs successfully scavenge ROS (H2O2 
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concentration: 1.64 μM) compared to the control (H2O2 concentration: 5 μ
M), which prevents ROS-induced inflammations.36
Figure 2.23d shows the fabricated stretchable MEA conformally 
laminated on nerves (blue arrows) in muscle tissues (right). In a Sprague 
Dawley rat, the sciatic nerve is exposed for the experiment of relaying 
sensory signals to peripheral nerves. Signals from strain and pressure 
sensors (black) are obtained and processed as input signals (red), and 
injected to nerves (Figure 2.24). Input signals are injected through 
stretchable MEA and flowing current through nerves are measured (blue). 
The measured current shows similar signal shape with the sensor and 




Figure 2.22. Conceptual illustration of experimental setup and data flows 
for relaying sensor signals to peripheral nerves. a, Schematic of necessary 
components for constructing neural interface to deliver sensed information 
to the nervous system. b, Detailed flow charts describing concept of the 
bidirectional feedback. Blue, red arrows and purple descriptions correspond 
to the case of stimulation, response to the stimulation, and both, 
respectively.
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Figure 2.23. Modifications applied on the stretchable electrode array and 
its electrical characteristics. a, SEM image of PtNWs. b, TEM image of 
ceria nanoparticles decorated on a PtNW. c, Impedance of Au, PtNWs/Au 
electrodes with respect to frequency of applied signal. d, MEA on 
peripheral nerves in muscle tissues of a rat model.
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Figure 2.24. Demonstration of conveying sensor signals to peripheral 
nerves. a, Measured signals from a strain gauge embedded in the 
prosthetic skin (black), simultaneously applied electrical stimulation to the 
nerves according to the sensed signals (red) and delivered signals through 
the nerves (blue). b, Similar data sets as those shown in a, but obtained 
by using a pressure sensor in the prosthetic skin.
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2.4 Conclusion
Site-specifically designed SiNR mechanical and temperature sensor 
arrays integrated with stretchable humidity sensors and thermal actuators 
enable high sensitivity, wide detection ranges, and mechanical durability 
for prosthetic systems. Motion capture videography provides a map of 
deformations of human skin in response to complex motions, thus forming 
the basis of site-specific geometries and designs for SiNR-based systems. 
Ultrathin layouts in neutral mechanical plane configurations further enhance 
durability and reduce risks of mechanical fractures. The MEA decorated 
with PtNWs and ceria nanoparticles highlight the unique capability to 
merge these abiotic systems with the human body. As a result, sensing 
and actuation capabilities are enabled over a wide range of sensory inputs, 
in the presence of skin deformations, thus providing enhanced function 
and high performance in the emerging field of smart prosthetics.
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Chapter 3. Skin mountable multiplexed silicon 
nonvolatile memory for storing 
physiological information 
3.1 Introduction
Flash memory based on single-crystal silicon (Si) has become the 
dominant nonvolatile data storage device owing to its high performance 
and compatibility with complementary metal‒oxide‒semiconductor (CMOS) 
processes.1-3 In flash memory, information is converted into a charge level 
and then stored in floating gates (FGs).4 Therefore, the FGs determine the 
performance of the flash memory. However, FGs based on conventional 
conducting thin films face challenges such as difficulties in modulation of 
charge trap density and charge losses via locally distributed defects.4-6
Various studies have investigated new materials to replace those 
used in conventional FGs in order to achieve increased charge storage 
efficiency.7-10 As a viable alternative, gold nanoparticle (AuNP) FGs have 
been proposed.11-16 AuNP FGs afford many advantages such as 
controllability of charge trap density, superb chemical stability, high work 
function, and, most importantly, efficient charge confinement.17 However, 
nanoscale experimental observation of charge confinement in closely 
packed AuNPs FGs has not been reported yet. Such characterization 
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capability is useful for understanding different aspects of charge 
confinement in various types of AuNPs FGs (e.g., different size or density 
of AuNPs), enabling further optimization to improve memory 
performances. In addition, most of previous nanocrystal-based memory 
devices have focused on a single memory cell instead of a multiplexed 
memory array in which each cell is individually addressable.11, 12
At the same time, rapid developments in wearable electronics 
have led to an urgent demand for deformable electronic devices such as 
sensors,18-24circuits,25-27 displays,28-30 and memories.11, 12, 31-34 Most 
deformable memory devices reported so far, however, are just flexible. 
These kinds of memory devices are not compatible with wearable 
applications that require complicated modes of mechanical deformations 
such as stretching.35, 36 Although previously reported stretchable flash 
memory37 showed some advances, the isolated memory cells rather than 
interconnected ones, relatively unstable data storage owing to intrinsic 
hysteresis of carbon nanotubes, and metal thin film FGs that lead to 
incomplete charge confinement have impeded its use in practical 
applications. Reliability of the fabricated devices under ambient conditions 
and process compatibility with conventional CMOS fabrication processes 
are additional important factors. Considering these, the stretchable memory 
based on single-crystal silicon nanomembranes (SiNMs) is a good 
candidate for the wearable electronic device applications.34, 38 Although 
many previous studies have investigated stretchable Si electronics such as 
diodes,35, 36 transistors,39 sensors and actuators,34, 38, 40 and logic circuits,41 
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the deformable charge trap FG memory (CTFM) based on single-crystal Si 
has not yet been reported. The integration of Si CTFMs with other 
sensors and electronics in one wearable platform is another important 
unmet goal. To realize a large memory window and capacity with high 
cell-to-cell uniformity, an efficient large-area fabrication process for the 
uniform and high-density assembly of AuNPs for FGs in CTFMs on a Si 
electronics platform is an additional key requirement.
To address these critical issues, in this study, we developed 
wearable SiNM CTFMs with AuNP FGs assembled by the 
Langmuir-Blodgett (LB) method. We experimentally confirmed 
particle-level charge confinement without charge delocalization in closely 
packed AuNPs. This affords long retention time of memory devices. FGs 
assembled by the LB method have a large memory window and high 
cell-to-cell uniformity. The CTFM array is multiplexed by Si electronics 
for addressing and data storage in individual cells. The high stability and 
reliability of SiNM electronics under ambient conditions enables the 
realization of an ultrathin, high-density, and high-performance wearable 
CTFM array for practical applications. As a potential application of 
wearable electronics, this study focuses on monitoring heart rates. By 
interfacing with wearable Si amplifiers and electrodes on-board, the heart 
rates after exercise stress tests as extracted from monitored 
electrocardiogram (ECG) signals are processed and stored in CTFMs. The 
stored data can be retrieved later for the diagnosis of cardiac dysfunctions.
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Fabrication of FG cell: The fabrication of the FG cell begins with the dry 
oxidation process of a Si wafer to grow a 5-nm-thick SiO2 tunneling 
oxide (Tox) layer. The AuNP FG assembled by the LB method is then 
coated on Tox. An Al2O3 blocking oxide (Box) layer (7 nm) is deposited 
on the AuNPs FG using the PEALD process (150 °C, 50 cycles). For 
comparing retention characteristics, Au film (26 nm) FG and 3-layer 
AuNP (~26 nm) FG are utilized. Generally, the thermal deposition of Au 
film whose thickness is below 10 nm is difficult to achieve. Au 
deposition less than 10 nm normally leads to formation of islands, which 
is difficult to represent Au film characteristics.11 Therefore, we used 
thicker Au film (~26 nm). For valid comparison, similar thickness of 
assembled AuNPs (3-layer AuNPs) is used. 
Charge confinement characterization in FG cell: Nanoscale/microscale 
charge injections and measurements on the FG cell are conducted using 
AFM (XE7, Park Systems, Korea) with EFM. The AFM lithography 
program (XEL, Park Systems, Korea, for data shown in Figure 3.1b and 
c) or manual manipulation (for data shown in Fig. 3D) are used to 
pattern and generate a potential difference between an AFM tip and the 
bottom electrode for nanoscale/microscale patterned charge injection to the 
FG cell using the contact mode of the AFM. The AFM topography and 
EFM images are simultaneously retrieved by applying AC bias to a Pt/Cr 
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coated tip (tip radius: <25 nm; Budget Sensors Multi75E). Sinusoidal AC 
bias with a frequency of 14.6 kHz and peak-to-peak amplitude of 1 V are 
applied for acquiring topological data and EFM images using the 
non-contact mode of the AFM. The coupled topography with EFM data 
can be observed by adjusting the frequencies of AC bias and non-contact 
resonant. It is obtained by coupling the van der Waals force and electric 
force between the AFM tip and the surface of the FG cell, and it shows 
superior spatial resolution in illustrating a charge-containing area. The 
decoupled topography can also be obtained by fine-tuning the frequencies 
of the tip vibration and AC bias.
Fabrication of CTFM array: The fabrication begins with doping of p-type 
silicon-on-insulator (top silicon, 340 nm, Soitec) wafer with ion 
implantation (RP: 50 nm, dose: 1´10
16 ions/cm2, phosphorus) to define 
n-type source and drain regions. After the doping process, top SiNM is 
transferred onto PI film (2 μm) coated on a SiO2 wafer. Using reactive 
ion etching (RIE, SF6 plasma) with photolithography, the active regions of 
the SiNM are isolated. The Al2O3 Tox layer is deposited on the SiNM by 
PEALD process (250 °C, 50 cycles). After the deposition of AuNPs using 
LB method on whole area of the Tox, the AuNPs are patterned with 
photolithography and wet etching to be confined on the channel area of 
the SiNM. The Al2O3 Box layer is subsequently deposited by the PEALD 
process (150 °C, 350 cycles). The Al2O3 layers (Tox and Box) are 
patterned by photolithography and wet-etched using diluted hydrogen 
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fluoride solution (2%). To form the word lines, deposition of the metal 
film using thermal evaporation (Au/Cr, 100 nm/7 nm), photolithography 
and wet-etching processes are conducted in sequence. To electrically 
isolate between the word lines and bit lines, SU-8 2 (MicroChem, USA, 1 
μm) is coated. The SU-8 layer is then photolithographically patterned to 
form vertical interconnect accesses (VIAs). The bit lines are deposited by 
thermal evaporation (Au/Cr, 150 nm/7 nm), patterned with 
photolithography and subsequent wet etch, contacting the source/drain 
regions through the VIAs. After the top PI layer (1 μm) is coated and 
annealed, the whole structure (PI/device/SU-8 2/PI) is patterned and etched 
by RIE (O2 plasma). As a final step, the whole device is detached from 
the SiO2 wafer and transferred onto a polydimethylsiloxane (PDMS) 
substrate.
Characterization of CTFM: The electrical characteristics of a CTFM are 
measured using a parameter analyser (B1500A, Agilent, USA). A 
high-voltage semiconductor pulse generator unit (HV-SPGU, Agilent, USA) 
is used to apply PGM/ERS pulses (-40 to 40 V) to the CTFM for a 
certain period of time (1 μs to 1 s). Source measure units (SMUs; 
Agilent, USA) are used to apply the drain-source voltage (VDS) and 
gate-source voltage (VGS) to the CTFM and to measure the drain current 
(Id). All measured transfer characteristics of the CTFM are obtained using 
VDS= 0.1 V. The threshold voltage is defined as the corresponding VGS
that induces Id = 100 nA.
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FEA of CTFM array and pseudo-CMOS inverter: FEA is used to analyse 
the strain distribution of a CTFM array and pseudo-CMOS inverter during 
stretching. The CTFM array and pseudo-CMOS inverter are modelled 
using four-node composite shell elements. The devices are placed on 
1-mm-thick PDMS substrates that are modelled with eight-node solid 
elements. We assume perfect bonding (no slip condition) between devices 
and PDMS substrates. To simulate stretching, the stretching boundary 
conditions are applied on the bottom surface of the substrate. The linear 
elasticity represents the behaviour of the materials of the CTFM array and 
pseudo-CMOS inverters. 
Fabrication of pseudo-CMOS inverter: As previously described in CTFM 
fabrication methods, the active regions of the doped SiNM transferred onto 
the PI layer (thickness: 1 μm) are isolated using RIE (SF6 plasma) with 
photolithography. A 60-nm-thick SiO2 gate dielectric layer is deposited by 
using plasma-enhanced chemical vapour deposition (PECVD) at 300 °C. 
The subsequent deposition and patterning of a metal layer is conducted 
using thermal evaporation (Au/Cr, 100 nm/7 nm), photolithography, and 
wet etching to form the gate, source, and drain interconnections. The top 
PI layer (thickness: 1 μm) is coated and annealed. The entire trilayer 
(PI/device/PI) is patterned and etched by RIE (O2 plasma). The fabricated 
pseudo-CMOS inverter is then transferred onto a PDMS substrate, as 
described previously.
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3.3. Results and discussion
3.3.1. Nanoscale charge confinement at AuNP FG and its experimental 
validation
An AuNP-based FG cell (insulator-FG-insulator-semiconductor 
structure) is fabricated to verify the nanoscale charge confinement. A 
conductive atomic force microscopy (AFM) tip with applied potential of 7 
V contacts the top insulation layer (Box) of the FG cell and injects 
charges following predetermined patterns (Figure 3.1a). The potential 
difference between the AFM tip and the bottom Si substrate facilitates the 
trapping of electrons in the AuNP FG (Figure 3.1a, red dotted box). A 
series of AFM writings finishes the patterned charge injection.
The nanoscale charge confinement in an FG is characterized by 
the modified AFM measurement. The local electric force produced by 
confined charges is measured by topographical AFM coupled with electric 
force microscopy (EFM) data to observe the confined charge pattern 
(Figure 3.1b). The coupled image (EFM and AFM) clearly shows 
nanoscale charge confinement (minimum line width: 70 nm) without lateral 
charge transport (Figure 3.1c, left). The topographic image decoupled from 
EFM data (Figure 3.1c, right) shows the actual roughness. The efficient 
particle-level charge confinement of the AuNP FG leads to CTFMs with 
long retention time and large charge storage capacity, which is particularly 
important in next-generation nanoscale nonvolatile memory devices.6
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Figure 3.1. Characterization of nanoscale charge confinement at AuNP FG. 
a, Schematic showing process of charge injection to AuNP FG using a 
conductive AFM tip. b, Representative topographic AFM image coupled 
with EFM data showing nanoscale charge confinement capability of 
AuNPs. c, Magnified coupled topographical image of character "N," 
showing particle-level charge confinement within sub-100-nm width (left) 
and the corresponding topographical image decoupled with EFM data 
right).
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3.3.2. Integration of CTFM and Si electronics as wearable system
Figure 3.2a and b shows a 22 × 22 CTFM array and its 
magnified view showing eight CTFMs, respectively. All CTFMs in the 
array are based on Si transistors and are fully multiplexed; individually 
accessed; and readily programmed, erased, and read by the off-chip 
control. The LB method can be used for the large-area fabrication of a 
closely packed AuNP FG which guarantees highly uniform CTFM 
performance. The AuNP FG is located between the Tox and Box (Figure 
3.2c).
Figure 3.3a shows the schematic of the demonstration system and 
its exploded view showing layered structure. Figure 3.3b shows a 
fabricated demonstration system composed of wearable CTFM array, 
stretchable electrodes, and voltage amplifiers. The amplifier comprises Si 
pseudo-CMOS inverters.42 ECG signals are measured through stretchable 
electrodes and then amplified by the co-located stretchable amplifiers. 
Subsequently, the heart rate is extracted from the amplified ECG signals 
and stored in the CTFMs. The CTFM’s ultrathin structure (~5 μm) and 
serpentine interconnects enable its conformal lamination on the skin under 
various mechanical deformations including poking and compressing (Figure 
3.3c). The detailed fabrication is described in the Figure 3.4. The 
single-crystal nature of Si provides high performance in a multiplexed 
array.
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Figure 3.2. Fabricated wearable memory array and its structure. a, 
Photograph of a 22 × 22 wearable multiplexed CTFM array. b, The 
magnified image shows eight memory pixels interconnected with word 
lines and bit lines. c, Magnified schematic of the channel area of a single 
CTFM.
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Figure 3.3. Demonstration system composed of ECG electrodes, amplifiers, 
and memory array. a, Schematic of the demonstration system and its 
exploded view showing layered structures. b, Fabricated demonstration 
system applied on human skin. c, Magnified view showing that the 
demonstration system in various deformed modes such as poking and 
compressing.
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Figure 3.4. Fabrication process of CTFM array. Schematic images showing 
the fabrication process of the stretchable CTFM array.
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3.3.3. Uniformity of large-area AuNP monolayer assembled by LB method
Figure 3.5a shows a transmission electron microscopy (TEM) 
image and magnified views (insets) of the highly uniform and closely 
packed AuNP monolayer assembled by the LB method. Each AuNP is 
electrically isolated (minimum spacing: 2 nm) by oleylamine capping 
ligands, as shown in the inset. This isolated structure prevents trapped 
charges from leaking out. The TEM images confirm the high uniformity 
(in terms of the particle size, shape, spacing, and distribution) of AuNPs. 
To validate the macroscale uniformity, 22 × 22 doped SiNMs where Tox
is deposited are formed on the polyimide (PI) substrate (Figure 3.5b, left; 
Tox/SiNM/PI vertical structure, inset), and an AuNP monolayer are 
assembled on it by the LB method (Figure 3.5b, right; AuNPs/Tox/SiNM/PI 
vertical structure, inset). The AFM images (Figure 3.5c) are collected from 
the region indicated by red box in the right frame of Figure 3.5b). The 
high macroscale uniformity of the AuNPs facilitates highly uniform 
cell-to-cell performance in CTFMs.
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Figure 3.5. AuNPs assembled using LB method. a, TEM images of 
AuNPs assembled by the LB method. The insets show magnified TEM 
images. b, Photographs of before (left) and after (right) LB assembly of 
AuNPs on Tox. c, AFM image of AuNPs assembled by the LB method at 
the region indicated with red box in b.
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3.3.4. Material characterization of CTFM
To achieve large data storage capacity, multiple CTFM arrays can 
be stacked (Figure 3.6a, cross-sectional TEM image of three stacked 
layers) in a manner similar to that in multichip packaging techniques. The 
magnified view of the red-boxed region in Figure 3.6a shows the layer 
information of a single device and uniformly integrated AuNPs (Figure 
3.6b). Spherical morphology of AuNPs is well maintained even after the 
fabrication. High-temperature processes are avoided to prevent the 
aggregation of AuNPs (Figure 3.7). 
A scanning TEM (STEM) image and quantitative material analysis 
results are obtained by energy-dispersive X-ray spectroscopy analysis 
(EDS; Figure 3.6c). The EDS profile shows the material composition and 
thickness of each layer along the scanned line (yellow arrow). A thin 
layer of AlOx/SiOx (Tox) formed by plasma-enhanced atomic layer 
deposition (PEALD) and assembled AuNPs is identified. The EDS results 
obtained by two-dimensional scanning provides the spatial distribution of 
specific elements, including Au, Al, and Si, in the cross section of the 
CTFM (Figure 3.8).
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Figure 3.6. Material characterization. a, TEM image of the three-layer 
stacked CTFM. b, detailed cross-sectional structure of the CTFM and 
uniform AuNP FG embedded in dielectrics. c, STEM image showing 
cross-sectional structure of the CTFM (top left), quantitative EDS analysis 
results obtained at the spots marked in the STEM image with colored 
asterisks (top right), and EDS analysis results obtained along the yellow 
arrow shown in the STEM image (bottom).
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Figure 3.7. TEM images of AuNP FG assembled by LB method after the 
Box deposition using PEALD process. a-c, TEM images of AuNP FG 
assembled by LB method after the B
ox
deposition using PEALD process 
under  a, 100 °C, b, 150 °C, and c, 250 °C.
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Figure 3.8. TEM-EDS 2D analysis of AuNPs embedded in a FG cell. a,
Cross-sectional scanning TEM (STEM) image of a FG cell containing a 
AuNP FG. b-c, EDS analysis images obtained by two-dimensional 
scanning. Yellow, green, and orange colors represent different materials of 
b, Au, c, Al, and d, Si, respectively.
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3.3.5. Electrical characterization of AuNP FG
Schematic diagrams showing the band structures of the memory 
capacitor (metal-insulator-FG-insulator-semiconductor structure) under 
flat-band and positive/negative bias conditions are illustrated in Figure 3.9. 
The positive/negative bias corresponds to the program/erase (PGM/ERS) 
operation. Electrons are trapped in the AuNP FG by tunneling through the 
Tox during PGM operation (Figure 3.9b, left), whereas trapped electrons 
can be removed by tunneling back to the Si during ERS operation (Figure 
3.9b, right). The tunneling mechanism follows Fowler-Nordheim (F-N) 
tunneling.4 In case of the CTFM composed of Si, SiO2 Tox, and poly Si 
FG, the tunneling current density is given by
   , 
where h, , q, m, m*, , and Einj denote Planck’s constant, energy 
barrier at the injecting surface, charge of a single electron, mass of a free 
electron, effective mass of an electron, h over 2π, and applied electric 
field, respectively. The tunneling current density is exponentially dependent 
on the applied electric field, Einj. This relationship can be indirectly 
verified by applying different PGM/ERS voltages and comparing the 
threshold voltage shifts. 
To verify the spatially differentiated/patterned charge confinement 
in the AuNP FG assembled by the LB method, different amounts of 
charges are injected at different regions in the FG cell through an AFM 
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tip utilized as a top electrode (Figure 3.10). EFM images of the FG cell 
show that the different amounts of charges are well confined in specific 
areas of the AuNP FG (Figure 3.10b). Their spatial charge distribution is 
well maintained even after 24 h and 72 h from the moment of initial 
charge injection by virtue of the minimal lateral spreading of the trapped 
charges in the AuNP based FG cell.
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Figure 3.9. Energy band diagrams of CTFM under three representative 
bias conditions. a, flat-band condition. b, PGM and ERS operation.
124
Figure 3.10. 2D multi-level charge injection and retention property. a,
Schematic of experimental setup for two-dimensional injection of different 
amount of charges into the AuNP FG assembled by the LB method. b,
EFM image of the FG cell containing different amount of charges at 
different locations by two-dimensional injection of charges.
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3.3.6. Electrical and mechanical characterization of wearable CTFM
The electrical characteristics of the stretchable CTFM array are 
evaluated by addressing multiplexed memory pixels individually. Figure 
3.11a shows the transfer characteristics of a CTFM under multilevel cell 
(MLC) operations. As the applied bias in PGM/ERS increases, the 
threshold voltage (Vth; indicated by dashed lines in Figure 3.11a) shifts 
right/left, respectively. The biasing time of the PGM/ERS also affects the 
Vth shift (Figure 3.11b-d). The ERS requires larger applied voltage and/or 
longer biasing time than the PGM for the same amount of Vth shift. This 
is because the work function of AuNPs is larger than the electron affinity 
of Si, which requires larger band bending to remove electrons from the 
FG than to inject them to the FG (Figure 3.9). Figure 3.12a shows stable 
charge retention at each voltage level up to 103 s. Two states are chosen 
to observe longer retention (105 s; Figure 3.12b). Further studies on 
development of the defect-free Tox that can be formed using low 
temperature processes would improve the retention time for long term data 
storage. The charge storage of the CTFM is reliable even after up to 104
PGM/ERS cycles (Figure 3.13).
Figure 3.14a shows a schematic diagram of the NOR-type CTFM 
array configuration. The electrical disturbances between selected (S; red 
dashed box) and peripheral (P; blue dashed box) memory pixels are 
investigated. When the memory pixel S is at programmed state, co-applied 
inhibition biases on the word line minimize the disturbances on the 
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memory pixel S during the PGM/ERS operation of the peripheral memory 
pixels (Figure 3.14b). Without the inhibition voltages, selected memory 
pixel (S) might be vulnerable to the disturbance induced by PGM/ERS 
operation of the peripheral memory pixel (P) (Figure 3.14c) The reliable 
operation of the CTFM array is confirmed by the cumulative probability 
data of the sampled pixels (Figure 3.14d). A slight Vth distribution may 
exist owing to the difference in interconnection resistance between memory 
pixels close and far from the voltage source.
The mechanical reliability of CTFMs is confirmed through cyclic 
stretching tests (Figure 3.15a and b, top frames). The finite element 
analysis (FEA) of the induced strain distribution shows that memory pixels 
(red dashed boxes) under ~20% stretching have negligible strains (~0.2%; 
cf., fracture strain of Si: ~1%,43 Al2O3: ~1%
44 (Figure 3.15a and b, bottom 
frames). Serpentine interconnections accommodate most of the applied 
strain. The PGM/ERS of CTFMs is conducted under various applied 
strains (Figure 3.15c) and after repetitive stretching up to 1,200 cycles 
(Figure 3.15d; ~20% strain). In both cases, the performance degradation is 
negligible. Considering that the allowed strain of the human epidermis is 
~20%,35 the current level of mechanical reliability is suitable for many 
wearable applications.
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Figure 3.11. Transfer characteristics of the CTFM. a, Transfer 
characteristics of a CTFM pixel after PGM/ERS operation with different 
voltages, showing four states. b, PGM/ERS speed characteristics of the 
CTFM pixel with different operation voltages. c, Drain current of a 
CTFM pixel as a function of gate-source voltage with different pulse 
widths and fixed ERS voltages (-40 V). d, Drain current of the CTFM 
pixel as a function of gate-source voltage with different pulse widths and 
fixed PGM voltages (40 V).
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Figure 3.12.  Retention property of the CTFM. a, Retention characteristics 
of the CTFM pixel for each possible state. b, Retention characteristics of 
programmed state (30V, 0.1s) and erased state (-40V, 0.1s). Drain current 
levels of each state are read at V
GS




Figure 3.13. Changes in the transfer curves of a CTFM pixel after 
repetitive PGM and ERS cycles. PGM, 30 V; ERS, -40 V; pulse duration 
of 0.1 s.
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Figure 3.14. Electrical characteristics of CTFM array. a, Schematic of the 
CTFM array in NOR configuration. Dashed box indicates a selected 
memory pixel (red) and a manipulated peripheral pixel (blue) for a 
disturbance test verifying the degree of influence on the electrical state of 
the selected pixel, induced by manipulation of the peripheral pixels. b, 
Transfer curves measured from the programmed memory pixel (S) of 
initial condition and inhibited condition in which the ERS bias on BL3 for 
manipulating the peripheral CTFM pixel (P) and different inhibition biases 
on WL1 are applied simultaneously. c, Changes in transfer curves of the 
selected pixel after programming or erasing peripheral memory pixel (P) 
without inhibition voltage. d, Cumulative probability data of the selected 
state obtained from 20 memory pixels.
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Figure 3.15.  Effects of mechanical deformation on the performance of the 
CTFM. a-b, Photograph of a, not stretched and b, stretched (20%) CTFM 
array and corresponding FEA results. c-d, Transfer curves of the CTFM 
pixel after conducting PGM/ERS operation under c, various applied strains 
and d, various stretched cycles of 20% strain.
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3.3.7. Electrical and mechanical characterization of wearable Si amplifier
To acquire the heart rate, a pseudo-CMOS inverter composed of 
four n-type MOS (nMOS) transistors (Figure 3.16a) is used to amplify 
ECG signals. The amplifier’s output voltage (VOUT) with respect to the 
input voltage (VIN) under various bias conditions (VSS, VDD) is plotted in 
Figure 3.16b and c (solid and dashed line for experiment and simulation, 
respectively). The simulations are based on data of a single transistor 
(Figure 3.17a and b). The design parameters of the pseudo-CMOS inverter 
and its characteristics such as the noise margins are shown in Figure 3.18 
and Table 3.1. The amplifier gain increases with VSS (Figure 3.19a). The 
maximum amplification gain is ~200 (inset) at VIN of 3.17 V (VM) and 
VSS of 12 V. Figure 3.19b shows the input sinusoidal signal (40 mVp-p) 
and filtered output signal (~4 Vp-p) amplified by the wearable Si 
pseudo-CMOS inverter. The lower effective gain (~100) than the 
maximum is caused by the deviation of the input signal from VM. The 
decreased deviation of the input voltage from VM results in higher 
effective gain (Figure 3.19c). The pseudo-CMOS inverter amplifies the 
ECG signal (<4.5 mVp-p) with effective gain of 100 or higher. The 
frequency response shows that high effective gain is maintained owing to 
the relatively low frequency of ECG signals (<5 Hz; Figure 3.19d).
To verify the mechanical reliability, the amplifier is electrically 
characterized under stretched conditions (Figure 3.20a and b, top frames). 
The FEA shows that ~20% applied strain induces negligible strain of 
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<0.2% in active regions (red dashed box; Figure 3.20a and b, bottom 
frames). The voltage transfer curves of the pseudo-CMOS inverter are 
obtained under various strains (0%–20%), in which negligible changes are 
observed (Figure 3.20c). Stretching tests up to 500 cycles are performed 
and only minimal shifts in the voltage transfer curve are observed (Figure 
3.20d).
134
Figure 3.16. Electrical characteristics of the pseudo-CMOS inverter. a,
Microscopic image of the pseudo-CMOS inverter (top) and schematic 
circuit diagram (bottom). b-c, Voltage transfer characteristic curves of the 
pseudo-CMOS inverter (dashed line: simulation results; solid line: 
experimental results) depending on b, various values of VDD when VSS is 
fixed to 10 V and c, various values of VSS when VDD is fixed to 6.3V.
135
Figure 3.17. Electrical characteristics of the single transistor. a, Transfer 
curve of a transistor which forms a pseudo-CMOS inverter (solid line) 
and the simulation result (dashed line). b, Measured Id-Vd curves of the 
transistor and the simulation results (dashed line).
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Figure 3.18. PSpice simulation and experimental results of the 
pseudo-CMOS inverter. a, PSpice schematic showing a circuit diagram of 
pseudo-CMOS inverter and its design parameters utilized for simulations. 
b, Characteristic curve of the pseudo-CMOS inverter. Several parameters 
(V
OH
= voltage output high; V
OL





= voltage input high; V
M
= voltage midpoint) are indicated 
on the plot. c, Noise margins (NM
L
= noise margin low; NM
H
= noise 




Table 3.1. Noise margins of pseudo-CMOS inverter. Important voltages for 





is fixed to 6.3 V.
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Figure 3.19. Maximum and effective gain of the pseudo-CMOS inverter. a,
Signal gain of the inverter measured with respect to the input voltage 
(VIN) with under various biasing conditions (VSS when VDD is fixed to 6.3 
V). The inset shows the maximum gain with respect to VSS. b, Sinusoidal 
input signal (black, 40 mVp-p, 10 Hz) and output signal (red) amplified by 
the pseudo-CMOS inverter. c, Effective gain of the pseudo-CMOS inverter 
as a function of the amplitude of the sinusoidal input signal (10 Hz). d, 
Frequency response of the effective gain of the pseudo-CMOS inverter 
when the input signal is sinusoidal and its amplitude is 20 mVp-p.
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Figure 3.20. Stretching test of the pseudo-CMOS inverter and FEA results.
a-b, Photographs of a, not stretched (0%) and b, stretched (20%) 
pseudo-CMOS inverter and corresponding FEA results showing distribution 
of maximum principle strain on the active region (red dotted box) of the 
pseudo-CMOS inverter c-d, Voltage transfer characteristics and 
corresponding gain (inset) of a pseudo-CMOS inverter measured under c,
various strains and d, various stretched cycles of 20% strain.
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3.3.8. Monitoring electrocardiograms using amplifiers and storage of heart 
rates in memory array
It is important to monitor the heart rate recovery to diagnose 
abnormal cardiovascular parasympathetic functions, as recovery is 
determined by the reactivated parasympathetic control that usually occurs 
within 30 s after the end of exercise.45 In this regard, we demonstrate the 
storage of the heart rate recovery data recorded and amplified using 
wearable electrodes and amplifiers, respectively, for 200 s after exercise.
A Schematic of the sequential procedures comprising ECG signal 
acquisition, on-site amplification, heart rate measurement, and data 
storage/retrieval to/from the CTFM array is depicted in Figure 3.21a. The 
heart rate and elapsed time data are converted into 8-bit binary data and 
stored in the CTFM array (Figure 3.21b). The amplified ECG signals 
measured by wearable electrodes and commercial electrodes are shown in 
Figure 3.22a and b, respectively. There is no significant difference 
between these two. Although it is difficult to distinguish P, Q, and S 
features from the amplified ECG signals, the heart rate can be reliably 
extracted by detecting the relatively evident R peaks. For better signal 
quality, additional noise reduction filters and circuits can be integrated in 
the future work. The heart rate recovery of a volunteer is monitored using 
wearable electrodes and amplifiers (Figure 3.22c). Immediately after the 
exercise, the heart rate increased from 72 to 162 beats per minute (BPM) 
and then continuously decreased to 96 BPM (Figure 3.22c).
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PGM/ERS biases are applied to the selected row of the CTFM 
array to store the heart rate recovery data shown in Figure 22c. The 
stored data in the CTFM array can be read easily after data storage; 
Figure 3.23a shows the data storage map. White boxes indicate erased 
memory pixels storing the binary number "0" and black boxes indicate 
programmed memory pixels storing the binary number "1". After 6 h, the 
stored data are read again, and the retrieved data is found to be exactly 
the same; this indicates the good retention property of the CTFM array 
(Figure 3.23b). The stored data contains the heart rate and elapsed time 
encoded in binary numbers; this data can be converted to decimal 
numbers to enable medical personnel to check the wearer’s heart rate 
recovery history.
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Figure 3.21. Demonstration procedures and data storage scheme. a,
Diagram of overall demonstration process: ECG measurement, 
amplification, heart rate detection, and data storage and retrieval. b,
Photograph of the wearable CTFM laminated on the skin (left) and 
enlarged view showing the scheme of data storage in the CTFM array 
(right).
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Figure 3.22. ECG signals measured using stretchable electrodes and 
commercial one, and heart beat data measured during exercise stress test. 
a-b, ECG signal acquired using a, fabricated stretchable electrodes and b,
commercial electrodes. c, Measured temporal change of the resting heart 
rate before exercise and after exercise.
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Figure 3.23. Storage of heartrate data to the CTFM memory array. a-b,
Heart rate recovery data and corresponding elapsed time data retrieved 




Future wearable systems that pursue mobile healthcare monitoring 
and data analysis based on high performance bioelectronics should 
monolithically integrate various stretchable electronic components, such as 
sensors, amplifiers, and memory modules. However, there have been 
limited studies for system-level demonstrations using high performance 
stretchable non-volatile memory and related electronic devices.
In this work, we demonstrated reliable data storage of heart rates, 
which are obtained from ECG signals amplified by co-located stretchable 
Si amplifiers, to the wearable nanocrystal memory. The stretchable, 
high-density, and ultrathin memory array with the enhanced charge storage 
capability has great potential for various wearable electronics applications. 
Appropriate materials and design strategies using SiNM electronics as well 
as uniformly assembled AuNPs enable the realization of a wearable 
high-performance nonvolatile memory array. In particular, the large-area 
uniform assembly of AuNPs forms an efficient FG, which enhances the 
data storage capacity, retention property, and performance uniformity in 
the memory array. To validate superior charge confinement capability of 
AuNPs, the modified AFM technique which visualizes confined charges 
with nanoscale resolution has been newly developed. 
The advances of characterization and fabrication technologies reported in 
this paper will be an important stepping stone that paves the way to a 
fully integrated wearable system composed of the stretchable nanocrystal 
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Chapter 4. Skin mountable quantum dot light 
emitting diode display for indicating 
measured data
4.1 Introduction
A market demand for flexible and foldable displays1, 2 has been 
rapidly growing, particularly for their application to future consumer 
electronics. For example, deformable displays3, 4 can be integrated with 
recently spotlighted wearable electronics5-7 as an information input/output 
port to/from the electronics. Meanwhile, the research scope of the 
wearable electronics has been expanded to the field of extremely thin 
skin-like electronics.8-15 Accordingly, a "skin-like" display has become a 
critical component in the next-generation wearable electronics. The 
integrated skin-like display is expected to visually present a variety of 
information obtained from the electronics and provide a convenient user 
interface (UI) with minimal discomfort. 
In pursuit of skin-like displays, many kinds of thin and/or 
micro-size light-emitting diodes (LEDs), including inorganic micro-LEDs 
(iLEDs),1, 2 polymer LEDs (PLEDs),3, 16, 17 and organic LEDs (OLEDs),4, 
18 have been developed on deformable substrates. However, practical 
challenges toward an ideal wearable display still remain, such as high 
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operating voltages, relatively thick form factors of final devices, and 
unsatisfactory stability and performances. In contrast to the above LED 
types, quantum dot (QD) LEDs offer unique and attractive characteristics 
that make them particularly suitable for next-generation wearable 
electronics and optoelectronics.19, 20 Such characteristics include narrow 
bandwidths that enable high color purity,21-23 wide bandgap tunability,24, 25
high electroluminescence (EL) brightness at low operating voltages,26 high 
photo/air stability,27 high resolution patternability,28-30 and easy 
processability for the device integration.31, 32 Despite these advantages, a 
skin-like smart display that leverages QLEDs and its system-level 
integration with wearable sensors and electronics have not yet been 
reported.
We herein propose a skin-like red, green, and blue (RGB) QLED 
display that utilizes a passive matrix technology to address individual 
pixels. The ultra-thin thickness (~5.5 μm) of the skin-like QLED display 
enables its conformal contact with the skin, thereby reducing discomfort 
and preventing its failure under mechanical deformations. The core/shell 
QD structure is optimized to improve EL characteristics (e.g., brightness 
up to 44,719 cd m-2 at 9 V, which is the highest record among wearable 
LEDs reported to date) by suppressing the nonradiative recombination of 
QDs. Owing to this high performance of the individual pixels, the display 
based on an array of QLEDs provides satisfactory brightness during its 
sequential scanning operation with a minimal temperature increase. In 
addition, various patterns, including those comprised of letters, numbers, 
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symbols, and animations, are successfully visualized on the skin-mounted 
QLED display. Furthermore, the combination of the skin-like QLED 
display with flexible driving circuits and wearable sensors results in a 
fully integrated smart skin-like QLED display with a touch UI.
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4.2. Experimental section
Synthesis of QDs: A series of green light-emitting CdSe/ZnS core/shell 
QDs with alloyed interfaces were synthesized by reacting metal–oleate 
complexes, trioctylphosphine sulfide (TOPS), and trioctylphosphine selenide 
(TOPSe). For preparation of metal–oleate complexes, 0.2 mmol of CdO, 
3.5 mmol of Zn(OAc)2, 4.0 mL of OA, and 15.0 mL of 1-ODE were 
mixed and then heated under vacuum for 2 h at 120 °C. The mixture 
was heated to 300 °C under Ar atmosphere. Then, 0.2 mmol of TOPSe 
(2 M) was rapidly injected, followed by the injection of 3.5 mmol of 
TOPS (2 M) to form ZnS shells on the cores. The reaction mixture was 
maintained at 300 °C for 3 min, 5 min, and 12 min to respectively 
acquire C/S, C/S+, and C/S++ QDs. To obtain QDs with the thickest shells 
(C/S+++), 1 mmol of Zn(oleate)2and 1 mL of 1-octanthiol were additionally 
injected into the reaction mixture containing C/S++ QDs. The mixture was 
then further heated at 300 °C for 2 min. Blue- and red-emitting QDs 
were synthesized by controlling the core sizes and compositions using 
similar methods. The products were purified by repeated centrifugation 
with precipitation/redispersion processes to remove unreacted reagents.
Synthesis of ZnO NPs: The ZnO NPs in butanol were synthesized in the 
laboratory. First, 1.23 g of Zn(OAc)2•2H2O in 55 ml of methanol was 
prepared. Then, 0.48 g of KOH in 25 ml methanol was slowly injected to 
the prepared solution for 2 h at 60 °C. After the addition, the solution 
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kept at 60 °C for another 2 h. Finally, the solution was purified by 
repeating the precipitation and dispersion of the ZnO NP solution. The 
precipitation was performed by centrifugation using the solution of 10 ml 
ZnO NP solution, 20 ml hexane, and 5 ml isopropyl alcohol. After 
redispersing the ZnO NPs in 2 ml butanol, the ZnO NP solution was 
filtered through a 200-nm porous polytetrafluoroethylene (PTFE) filter 
before use.
QLED Display Fabrication: The skin-like QLED display was fabricated on 
a 2.5 cm 2́.5-cm slide glass substrate. First, the substrate surface was 
coated with a fluorinated polymer layer (Teflon AF, Chemours). Then, a 
1.2-μm-thick Parylene C layer was deposited on the surface (Parylene 
Coater, Obang Technology, Korea). An epoxy (SU8-2, MicroChem) layer 
was coated on the Parylene C layer as a planarization and additional 
encapsulation layer. A Cr/Au (7 nm/70 nm, interconnecting electrodes) 
layer was deposited by thermal evaporation process with a patterned metal 
shadow mask. In this study, the metal shadow masks were utilized to 
pattern interconnecting electrodes, anodes and cathodes. Next, an epoxy 
layer was coated and lithographically patterned to create vertical 
interconnect access (VIA) holes before deposition of 140-nm-thick ITO 
anodes by using a sputtering process (30 W, 45 min, 5 mTorr, 300 °C). 
The CTLs and QD layer of the QLEDs were sequentially 
spin-coated and baked on the ITO anodes. First, the ITO anode surface 
was treated with ultraviolet ozone for 1 min before spin-coating of 
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PEDOT:PSS at 2,000 rpm for 30 s. The PEDOT:PSS layer was annealed 
at 150 °C for 15 min in the ambient atmosphere. It was annealed again 
at 150 °C for 15 min in a glove box to remove the residual solvent. 
Then, TFB (0.5 wt%) in m-xylene was spin-coated at 2,000 rpm for 30 s 
and annealed at 180 °C for 30 min in the glove box. After annealing, the 
QD layer was spin-coated at 2,000 rpm for 30 s and again annealed at 
150 °C for 30 min. Finally, ZnO NPs in butanol were spin-coated and 
annealed in the same condition. All procedures after PEDOT:PSS 
annealing were processed in the glove box. 
After coating processes of the CTLs and QDs, a 40-nm-thick Li:Al 
layer was deposited to form cathodes. A 20-nm-thick Au layer was 
subsequently deposited on Li:Al cathodes to prevent its oxidation, which 
could occur during the etching process of the encapsulation layers. After 
deposition of the cathodes, the double layer encapsulation (Parylene 
C/epoxy), which was the same as the bottom encapsulation layer, was 
deposited/coated on the device. To expose the electrode pads for 
interconnection with external driving circuits, the top encapsulation layers 
deposited on the electrode pads were etched using the reactive ion etching 
(RIE) process (O2, 150 W, 0.1 Torr, 4 min). Heat-seal connectors (Elform, 
USA) were attached to the electrode pads by applying sufficient pressure 
and heat. These connectors electrically connected the QLED displays and 
external driving circuits. The whole display could be readily detached 
from the glass substrate on account of the poor adhesion between the 
fluorinated polymer layer and the bottom encapsulation layer of the QLED 
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display. Before the detachment, an additional supporting layer could be 
coated on the top encapsulation layer for facilitating easy handling of the 
ultra-thin QLED display. Specific patterns/images/information could be
visualized against the wearer’s skin after attaching the freestanding QLED 
display to the skin after inverting the QLED display.
Turn-on Voltage Decision and Statistical Analysis: We define the turn-on 
voltage as the necessary voltage inducing the current density of 2 mA 
cm-2, which corresponds to the brightness of 10 cd m-2. For the 24 2́4 
QLED array used in Figures 3c-d, the average turn-on voltage is 2.64 V, 
while the median value and standard deviation are 2.8 V and 0.53 V, 
respectively.
161
4.3 Results and discussion
4.3.1. Device overview
Figure 4.1a shows an exploded view of the skin-like QLED 
display. The QLED display consists of indium tin oxide (ITO) anodes 
(Figure 4.1a, v), lithium-doped aluminum (Li:Al)/gold (Au) cathodes 
(Figure 4.1a, iii), and charge transport layers (CTLs) with a QD layer 
(Figure 4.1a, iv). The CTLs and QD layer, which are composed of a hole 
injection layer (HIL), hole transport layer (HTL), QDs, and an electron 
transport layer (ETL) (Figure 4.1a, bottom-left inset), are sandwiched 
between the anodes and cathodes.
All materials for the anode, cathode, CTLs, and QD layer were 
carefully selected with consideration of their energy band alignment for 
efficient transport of electrons and holes (Figure 4.1a, top-right inset). The 
ITO anodes were designed to form separate islands to prevent their 
mechanical failure under deformation. Chromium (Cr)/Au electrodes (Figure 
4.1a, vii) connect these island-shape ITO anodes through vertical 
interconnect access (VIA) holes of the epoxy insulation layer (Figure 4.1a, 
vi). The whole device is encapsulated with Parylene C (Figure 4.1a, ii 
and ix)/epoxy (Figure 4.1a, i and viii) double layers (top and bottom 
encapsulation). 
Figure 4.1b presents a photograph of the skin-like 16´16 green 
QLED display visualizing the letters "QLED 16 1́6" on the deformed 
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skin. The display can visualize other complicated images as well, such as 
the symbols of SupermanTM, AvengersTM, and BatmanTM (Figure 4.1b, 
insets). The cross-sectional transmission electron microscopy (TEM) images 
depict the layered structure composed of the anode (~140 nm), HIL (~50 
nm), HTL (~35 nm), QD layer (~35 nm), ETL (~30 nm), and cathode 
(~50 nm) (Figure 4.2). Quantitative material analysis was performed using 
energy-dispersive X-ray spectroscopy (EDS) to provide the layered spatial 
distributions of key elements (Figure 4.2).
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Figure 4.1. Overview of the skin-like QLED display. a, Exploded view of 
the skin-like QLED display showing layer information, schematic 
illustration of the CTLs and QD layer (bottom-left inset), and the energy 
band diagram of the QLED (right-top inset). b, Photograph of the 
skin-like QLED display (displaying "QLED 16´16") on the deformed 
skin. The insets show photographs of the RGB display on skin. 
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Figure 4.2. EDS analysis results. Two-dimensional EDS mapping images 
for the cross-section of the QLED display.
165
4.3.2. QD optimization
To achieve the high brightness and low operating voltage of the 
QLED display, the structure of QDs was optimized. In particular, we 
prepared QDs of controlled shell thicknesses with the same core. The 
TEM images (Figures 4.3a-d) show that the QD size increases as the shell 
grows. Their average diameters are 5.6, 7.2, 9.0, and 10.5 nm for the 
samples denoted as C/S, C/S+, C/S++, and C/S+++, respectively. The EDS 
line scan analysis (Figure 4.3e) of C/S QD confirms the successful growth 
of the additional zinc sulfide (ZnS) shell on the core (Figure 4.3f). All 
samples have high quantum yields (QY) of ~80%, except for the QD with 
the thinnest shell thickness (Figure 4.4a). The photoluminescence (PL) 
maxima of the QDs are slightly blue-shifted as the shell grows (Figure 
4.4b), which implies atomic interdiffusion at the core–shell interface. This 
alloyed core–shell interface is advantageous for the effective charge carrier 
injection.33
Time-resolved PL (TRPL) spectra were measured for QDs 
assembled in the device (i.e. ITO/HIL/HTL/QDs/ETL/Li:Al) to study the 
effects of the shell thickness on the carrier dynamics. The exciton carrier 
lifetime of the QDs in the device increases with the growing shell 
thickness (Figure 4.4d), demonstrating that the thick shells suppress 
non-radiative recombination, such as the Auger recombination or defect 
transition.34-36
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Figure 4.3. Optimization of QDs. a-d, TEM images showing the QDs of 
different shell thicknesses: a, 5.6 (C/S), b, 7.2 (C/S+), c, 9.0 (C/S++), and 
d, 10.5 nm (C/S+++). e, TEM image showing a C/S QD and the scan line. 
f, EDS line scan analysis of the C/S QD showing the elemental 
distribution of Cd (magenta), Zn (black), Se (blue), and S (red).
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Figure 4.4. Comparison between the characteristics of QDs with different 
shell thickness. a, QY of QD samples. b, PL spectra of C/S, C/S+, C/S++, 
and C/S+++ QDs with controlled shell thicknesses. The data were obtained 
from the QD film in the QLED devices. c, TRPL spectra of the QDs 
assembled in the device structure. d, Average carrier lifetime of the QDs.
168
4.3.3. EL performance of the QDs
The optimization of the QD structure greatly enhanced the 
performance of the QLEDs (Table 4.1). In particular, the QLEDs based on 
C/S++ QDs exhibit a remarkable brightness of 44,719 Cd m-2 at an applied 
voltage of 9 V, which is the highest brightness among all types of 
wearable LEDs reported so far. The QLEDs based on QDs with relatively 
thick shells (i.e. C/S++ and C/S+++ QDs) show a higher brightness than 
those based on thin shells (i.e. C/S and C/S+ QDs), which can be 
attributed to suppression of the non-radiative recombination. On the other 
hand, the current density decreases with increasing shell thickness on 
account of the inefficient charge carrier injection through the thick shells. 
In the case of luminous efficiency, the QLEDs using C/S+++ QDs show 
the best performance (Figure 4.5a). However, they exhibit low brightness 
at the low applied voltage range, which is not suitable for wearable 
and/or mobile electronics. Thus, we employed C/S++ QDs as an optimum 
in the following applications. The current techniques of QD optimization 
can be extended to all of RGB QDs for realization of a full color 
display. The optical spectra of RGB QDs are provided in Figure 4.5b and 
Commission International de l’Éclairage coordinates of each QLED 
(Figure 4.5c) show true RGB emissions.
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Table 4.1. EL performances of the QLEDs. Summary of EL performance 
of the QLEDs based on structurally modified QDs.
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Figure 4.5. Efficiency, PL spectra, and, CIE 1931 x-y chromaticity 
diagram. a, Luminous efficiency of the QLEDs using QDs with different 
shell thicknesses. b, Absorption (dashed lines) and PL spectra (solid lines) 
of the red, green (C/S++), and blue QDs used in this study. c, CIE 1931 
x–y chromaticity diagram of the RGB QLED. 
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4.3.4. Ultra-thin QLED display
Figure 4.6 presents a schematic diagram of the passively driven 
QLED display using a common cathode configuration. The external circuit 
sequentially controls one row (cathode) and all columns (anode) for each 
cycle (Figure 4.7). The 16 1́6 passively driven QLED display effectively 
visualizes information without flickering. This is because the refresh rate 
is higher than the critical flicker fusion threshold (~60 Hz) when the scan 
speed of 1 ms/line is used.
It is important to suppress the temperature increase of the display 
when applying the skin-like display to wearable electronics. We measured 
the temperature increase by applying square-wave voltages of different 
duty cycles to the 3´3 QLED array (Figure 4.8). It can be inferred that 
the temperature of the 16´16 QLED display (corresponding duty cycle: 
6.25%) remains below 28.5 °C at the 6~8 peak-to-peak voltage (Vpp). 
Two dimensional maps of the QLED surface temperature under various 
bias conditions are provided in Figure 4.9. The luminescence of the 
passively driven display is lower than that of the actively driven display 
at the same operation voltages (Figure 4.10). However, the superior EL 
properties of the optimized QDs enable the passively driven QLED display 
to have a sufficient brightness of 674 cd m-2 at 6 Vpp (cf. maximum 
brightness of iPhone 7: 625 cd m-2). 
The encapsulation composed of a Parylene C/epoxy bilayer 
provides a good waterproof property to the skin-like QLED display 
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(Figure 4.11a). The ultra-thin thickness prevents its mechanical failure 
under harsh mechanical conditions, such as rolling (Figure 4.11b) and 
repeated bendings up to 1,000 cycles (Figure 4.11c for 8 8́ QLED 
display and Figure 4.11d for 16 1́6 QLED display). Therefore, it can 
reliably visualize various types of information against the wearer’s skin 
using both 8 8́ and 16 1́6 skin-like QLED display (Figure 4.12). The 
brightness can be readily controlled by varying the applied voltages 
(Figure 4.13).
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Figure 4.6. Schematic of passively driven QLED matrix. Schematic design 
of the common cathode QLED passive matrix and its operation scheme.
174
Figure 4.7. Control scheme of the 16 1́6 QLED display. a, Block 
diagrams of LabVIEW-based software for visualizing "QLED 16 1́6" on 
the skin-like QLED display. b, Sequential photographs showing the 
line-by-line operation of the skin-like QLED and the complete image 
obtained when the scan speed is 1 ms/line (red box).
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Figure 4.8. Temperature increase during QLED operation. Maximum 
temperature of the QLED display depending on the amplitude and duty 
cycle of the applied voltage. The 3 3́ QLED array is used for this 
analysis (inset).
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Figure 4.9. IR camera images of the QLED display. Two-dimensional 
temperature distribution of the QLED display depending on the amplitude 
and duty cycle of the applied voltage.
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Figure 4.10. Relative luminescence depending on duty cycle. Relative 
luminescence of the QLED display depending on the duty cycle of the 
applied voltage. A linear relationship exists between the relative 
luminescence and duty cycle (top-left inset). The definition of the duty 
cycle is schematically explained in the top-right inset.
178
Figure 4.11. Reliable operation of the skin-like QLED display under 
various conditions. a-b, Photographs of the skin-like QLED display 
demonstrating a, it’s waterproof property and stable operation in b, rolled 
condition. c-d, Photographs of the skin-like QLED display demonstrating 
durability after repeated bending of 1,000 cycles for the case of c, 8 8́ 
QLED display and b, 16 1́6 QLED display.
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Figure 4.12. Skin-like QLED display laminated on the skin. a-b, 8 8́ 
QLED display laminated on the skin a, without deformation and b, with 
deformation. c-d, Various images shown on the 16 1́6 QLED display 
laminated on the skin.
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Figure 4.13. Luminescence control. Sequential photographs showing the 
luminescence change depending on the amplitude of the applied voltage.
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4.3.5. Skin-like QLED display integrated with wearable electronics
The developed 8 8́ skin-like QLED display (Figure 4.14a, v) is 
integrated with a touch sensor (Figure 4.14a, vi) and flexible electronics. 
The flexible electronics is composed of driving circuits (Figure 4.14a, iii 
and iv) and sensors (temperature sensor and accelerometer; Figure 4.14a, i 
and ii) on a flexible printed circuit board. Data flows between the 
electronic components, a skin-like display (text scrolling), and a touch 
sensor UI are schematically illustrated in the Figure 4.14b. The design of 
the flexible printed circuit board and the information of the electrical 
components are provided in the Figure 4.15 and Table 4.2, respectively. 
The microcontroller unit (MCU; Figure 4.14a, iii) processes the 
temperature (Figure 4.16a) and acceleration (Figure 4.16b) data as well as 
calculates the magnitude of the acceleration vector for estimating step 
counts (Figure 4.16b). The integrated touch sensor works as an efficient 
UI, through which the user can change sensing modes (Figure 4.16c). The 
capacitance change between the touch sensor and a finger induces the 
change in the resistive–capacitive (RC) delay (Figure 4.16c, inset). The 
MCU monitors this RC delay in real time and distinguishes the motion 
between the tapping and intimate contact of the finger to the touch sensor 
(Figure 4.16d). 
The fully integrated wearable system—the skin-like QLED display 
co-integrated with the flexible electronics—can be readily worn on the 
user’s wrist (Figure 4.17a). We demonstrated the real-time visualization of 
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the temperature and step counts measured by the integrated sensors, while 
the ambient temperature was increased and/or the user was running 
(Figure 4.17b-c). The wearer can toggle between different modes, i.e. the 
temperature monitor and pedometer, by using the touch sensor. We 
additionally demonstrated that letters, numbers, and various symbols can 
be displayed on the skin-mounted device (Figure 4.18) The detailed 
pseudo-code implemented for the demonstration is shown in Figure 4.19.
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Figure 4.14. QLED display integrated with wearable electronics. a,
Photograph of the skin-like QLED display integrated with the wearable 
electronics. b, Schematic illustrations showing data flows between the 
integrated electronic components and display.
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Figure 4.15. Design of the flexible printed circuit board. a-d, Layout of 
the flexible printed circuit board showing a, the component numbers, b,
connection map 1, c, connection map 2, and d, combined connection map.
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Table 4.2. Chip information of the wearable electronic circuits.
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Figure 4.16. Temperature, step counts, and touch measurement. a, 
Measured temperature change depending on the locations. b, Amplitude 
change in the acceleration vector (black) and calculated step counts 
(red),when the wearer is resting, walking, and running. c, Photograph of 
the touch sensor integrated with the skin-like QLED display. The inset 
shows a schematic illustration of the measurement setup. d, Measured RC 
delay when the touch sensor is tapped or intimately contacted by a finger.
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Figure 4.17. Demonstration using the fully integrated QLED display. a, 
Photograph of the integrated wearable system worn on a user’s wrist. b,
Photograph of the integrated wearable system subjected to external heat 
(left) and that of the running wearer (right). c, Sequential photographs of 
the skin-mounted QLED display visualizing the measured temperature and 
pedometer data in the scroll mode.
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Figure 4.18. Skin-mounted QLED display freely visualizing various 
patterns. a, Uppercase letters visualized in the skin-like 8 8́ QLED 
display laminated on the wearer’s skin. b, Numbers and symbols 




Figure 4.19. Pseudo-code used in the demonstration. a, Parameter setting 
portion of the code. b, Setup and loop functions of the code. c,
Pseudo-code for sensing touch, measuring temperature and acceleration, 
calculating amplitude of the acceleration vector and step counts, and 




In summary, we developed an ultra-thin skin-like QLED display 
that can visualize various types of information retrieved from the wearable 
electronics, in close proximity to the wearer’s skin. The optimized shell 
thickness of the QDs maximized the EL performance. As a result, the 
skin-like QLED display successfully visualized various information with 
high brightness and low operation voltages. The skin-like QLED display 
showed a minimal temperature increase during operation, rendering it safe 
for use against the skin. Furthermore, its waterproof property and 
robustness under harsh mechanical deformations confirmed its reliability in 
use. The developed skin-like QLED display was integrated with flexible 
circuits to form a wearable system. The integrated system reliably 
monitored temperature and body motion changes, analyzed the data, and 
directly visualized them against the wearer’s skin. These results provide 
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피부 부착이 가능한 생체 통합 센서, 전하 트랩 
메모리, 및 양자점 정보 디스플레이의 개발
최근 다양한 생리학적 데이터를 얻을 목적으로 인체에 붙일 
수 있는 전자 장치를 개발하기 위해 많은 연구자들이 지속적인 노력
을 기울여 왔습니다. 그러나 부드럽고 곡면으로 이루어 진 인체의 피
부에 딱딱한 전자 장치를 장착하기 어려운 까닭에, 변형 가능한 전자 
장치의 개발에 대한 필요성이 대두 되었습니다. 이와 관련하여, 유기 
반도체 물질과 같은 본질적으로 유연한 물질뿐만 아니라 벌크 형태
일 때에는 변형성이 부족하지만 그 두께 및 크기를 조절하여 변형이 
용이하게 만들어진 나노 입자, 나노 와이어 및 나노 리본과 같은 초
박형/초소형 물질이 인체 부착 형 전자 장치의 고성능 동작을 위한 
주요 물질로 사용되기 시작하였습니다. 본 논문은 이러한 나노 물질
을 다양한 목적으로 통합시킨, 피부와 유사한 기계적 성질을 가지는 
피부 부착 형 전자 장치의 세 가지 예에 대한 연구 내용을 소개하고 
있습니다.
첫 번째로, 초박막, 단결정 실리콘 나노 리본을 활용한 변형
률, 압력 및 온도 센서 어레이와 더불어, 눅눅한 정도를 느낄 수 있
는 습도 센서, 체온 모사를 위한 히터 및 신경 자극을 위한 신축성 
다중 전극 어레이가 활용 된 스마트 인공 피부 보철 장치를 개발 하
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였습니다. 본 연구에서 개발된 피부 보철 장치는 사람의 피부와 비슷
한 신축성을 가진 동시에, 사람의 피부가 느낄 수 있는 외부 자극을 
느낄 수 있고, 사람의 체온을 모사 하는 등, 최대한 사람의 피부와 
비슷한 특성 및 성능을 지니도록 고안되어 향후 로봇 팔, 의수 등에 
적용 가능할 거라 기대합니다.
두 번째로, 나노 결정으로 이루어진 플로팅 게이트를 갖춘 
피부 부착 형 비휘발성 메모리 어레이를 개발 하였습니다. 나노 결정 
플로팅 게이트는 Langmuir-Blodgett 방법을 사용하여 넓은 영역에 걸
쳐 균일하게 조립됩니다. 균일한 나노 결정 플로팅 게이트는 성능의 
균일성을 향상시킴과 동시에, 메모리 윈도우 마진과 정보 저장 성능
을 향상시킵니다. 또한, 초박형 실리콘 나노 멤브레인으로 제작 된 
회로를 기반으로 한 증폭기와 늘일 수 있는 피부 부착 형 전극을 이
용하여 심전도를 측정하고 심장 박동 수의 변화를 개발된 메모리에 
저장하는 데모를 선보였으며, 이는 향후에 피부 부착 형 소자를 의료 
어플리케이션에 적용할 수 있는 가능성을 열었다 할 수 있습니다.
세 번째로, 피부에 붙일 수 있는 초박형 양자점 발광 다이오
드  디스플레이를 개발하였습니다. 먼저 낮은 작동 전압으로 높은 휘
도를 얻기 위해 양자점을 구조적으로 최적화 시켰습니다. 이렇게 최
적화된 양자점을 활용하여 양자점 발광 다이오드 어레이로 구성된 
양자점 디스플레이를 디자인 하였으며 이의 활용성을 보이기 위하여 
문자, 숫자, 기호 및 애니메이션으로 구성된 다양한 패턴이 피부에 
부착된 양자점 디스플레이를 통해 보여 질 수 있음을 시연 하였습니
다. 개발된 양자점 디스플레이의 사용 중 안정성을 입증하기 위해 구
겨짐 및 반복되는 구부림과 같은 다양한 기계적 변형에도 성능에 영
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향이 없음을 확인 하였습니다. 또한, 입을 수 있는 전자 소자로의 활
용성을 보이기 위하여 유연한 전자 장치를 디스플레이와 함께 집적
하여 주변 온도 및 걸음 수를 측정하고 곧바로 피부에 부착된 디스
플레이로 이를 확인할 수 있음을 시연 하였습니다. 
본 논문에서 개발된 세 전자 장치는 미래의 피부 부착 형 전
자 장치의 실현에 중요한 구성 요소입니다. 이번 연구 결과를 활용하
여 변형 가능한 센서, 액추에이터, 데이터 저장 장치 및 디스플레이 
분야에서 새로운 기회가 창출 되고, 완전히 통합된 피부 부착 형 전
자 장치의 개발이 가속화되기를 기대합니다.
주요어: 변형 가능한 전자소자, 입을 수 있는 전자소자, 유연한 디스
플레이, 피부 부착 형 데이터 저장소자, 인공 피부 
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